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Hlcro*achanla*a  of  Crack  Extension  In  Alloya 
Aba tract 

"'TMi  work  daacrlbaa  an  Investigation  of  the  affect  of 
aanganaaa-baerlng  dlaparaold  particles  o*  the  fracture  charactarlatlca 
of  peek  aged  Al-Hg-Sl  alloya. 

Currant  alaatlc  and  alastic-pleatic  fracture  toughness  parenetara 
are  reviewed.  The  applicability  of  theee  paraaatara  aa  criteria  for 
the  onaet  of  crack  eatenalon  and  their  variation  with  alloy 
■lcroatructura  at  exsnlned  baaed  on  axperlnantal  raaulta  for  a  aarlaa 
of  alloya  containing  differing  vclun*  frectiona  of  dlaparaold.  High 
purity  alloya  were  uaed  to  laolata  the  effect  of  dlaperaolda  fro*  that 
of  coaraa  conatltuont  partlclaa.  Alao,  for  conparlann,  one  alloy  of 
connerclal  purity  containing  both  dlaperaolda  and  coaraa  Iron-bearing 
lnclualona  waa  atudied. 

The  ductile  fracture  toughnaaa.  JIc  #IM|  th*  raalatanca  to 
lnateblllty  aa  aaaaurad  by  the  tearing  nodulua,  T,  ware  found  to 
lncraaae  with  dlaparaold  content.  The  valuaa  of  thaae  pa  ran*  tar.'  wara 
lower  In  the  connerclal  purity  alloy  than  for  the  equivalent  high 
purity  alloy. 

The  affact  of  an  tncreealngly  trlaxlal  atraaa  atata  on  fracture 
atraln  waa  aaaaurad  ualng  a  aarlaa  of  notched  ranalla  apactnana.  The 
alloy  ductility  waa  found  to  lncraaae  with  dlaparaold  content  and  to 
dacraaae  with  lncraaaad  atraaa  triaxlallty. 

Crack  tip  plaatlc  con*  alzaa  on  the  aldplan*  of  co*p*ct  tenalon 
apactnana  ware  aaaaurad  ualng  th*  SEM  electron  channelling  pattern 
technique,  dona  alee  waa  found  to  corralata  with  the  aquare  of  the 
applied  atraaa  lntanalty  factor.  The  conatent  of  proportionality 
dacraaaad  with  lncreealng  dlaparaold  content.  Th*  calculated  work  par 
unit  area  of  new  crack  aurfece  *aa  found  to  corraapood  to  the  ductile 
fracture  toughnaaa  aaaaurad  for  each  alloy. 

These  raaulta  are  explained  la  t^fat  of  th*  affact  of  allp 
dl at r 1  but  Ion  on  th*  doslnant  nlcronachanlaae  of  crack  pxteaelon.  Th* 
atraaa  and  atraln  dlatrlbutlon*  In  th*  plaatlc  son*  are  than  related 
to  th*  nlcronachanlana  of  crack  axtanalon  u*tng  a  sanl  cohaatv*  con* 
nodal  of  th*  crack  tip  region. 
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accomplished  by  students  or  faculty  of  the  Air  force  Institute  of  Technology  (ATC)  It  would  te 
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1.1  Introduction 


'It  should  he  noted  that  there  ere  two  extreme  approaches  to 
the  frecturc  problem.  The  first  seeks  to  avoid  aa  far  es 
possible  any  discussion  of  the  physical  processes  occurring 
at  the  creek  tip  and  looks  for  one  or  acre  characterising 
peraaeters  whose  critical  value,  measured  In  the  testify 
laboratory,  can  be  used  to  assess  the  safety  of  the 
structure.  The  second  approach  puts  wore  emphasis  on 
laproving  our  natural  knowledge  of  fracture.  In  the  belief 
that  this  will  ultlaately  lead  to  a  greater  control  of  It. 
Clearly,  despite  the  pressing  demands  on  the  engineer  for 
laaedlatc  decisions,  both  approaches  must  be  pursued,  not 
least  because  changes  In  the  physical  processes  of  fracture 
can  alter  the  character lx lng  parsaeters  considerably. 

However,  there  arc  some  Half -way  houses  between  these 
two  extreaes.  One  Is  to  aokc  a  very  simple  theory  and  to  try 
to  back  up  the  predictions  with  eaplrlcal  results.” 

b.A.  Kilby  (l*ei) 


Professor  Kilby's  steteaent  clearly  expresses  the  dual  strategies 
of  the  present  work  to  consider  the  fracture  process  from  both  the 
aocroscoplc  and  microscopic  points  of  view.  The  aacroscoplc  approach 
seeks  to  determine  the  large  scale  parameters  that  control  creek 
extension,  while  the  alcroaechenlstlc  approach  seeks  to  clarify  the 
effect  of  aierostructure  on  fracture.  To  obtain  s  better  understanding 
of  the  ways  the  aierostructure  of  alloys  can  be  altered  to  laprovc 
their  resistance  to  fracture  Is  tbe  objective  of  both  approaches. 

Chapter  One  of  this  thesis  first  examines  the  macroscopic 
approach  to  the  characterisation  of  crack  extension^  creek  extension 
criteria  that  havs  evolved  f.aa  th*  field  of  fracture  aerhanlca  arc 


brief If  reviewed  Hexr,  Che  effect  jf  aecerlal  aicrostructure  yn 
mlcromechanlsms  of  creek  extension,  slip  distribution  and  crack  clp 
plastic  cone  processes  Is  considered.  Finally,  the  specific  research 
undertaken  to  clarify  the  relationship  between  alcroscoplc  crack  tip 
deformation  and  nacroacoplc  Material  characterising  parameters  la 
presented. 

1.2  fracture  Mechanics 

Fracture  Implies  the  separation  of  a  component  Into  two  or  aore 
pieces,  regardless  of  whether  or  not  that  component  contains  Initial 
flaws  or  cracks.  If  the  component  contains  an  Initial  crack,  then 
crack  extension  becomes  the  first  stage  of  the  process  ultimately 
leading  to  fracture,  la  brltt  material,  the  crack  may  propagate 
rapidly  once  It  haa  begun  to  extend  so  that  the  eos^onent  fractures 
catastrophically,  l.e.  by  unstable  crack  propagation.  However,  If  the 
aacerlal  Is  relatively  ductile.  Its  greater  resistance  to  Initial 
crack  extension  may  permit  the  crack  to  propagate  In  a  slow,  stable 
manner.  Such  resistances  to  both  Initial  crack  extension  and 
subsequent  crack  propagation  are  Important  considerations  when 
selecting  a  material  for  many  design  applications. 

Fracture  mechanics,  developed  as  a  method  to  analyte  structures 
containing  cracka.ls  something  of  a  misnomer  since  the  crack  does  not 
necessarily  lead  to  fracture.  Nevertheless,  fracture  mechanics  has 
contributed  greatly  to  the  effective  design  of  structural  components, 
particularly  la  knowledge  of  the  stresses  In  a  body  near  a  crack  tip. 


2 


I ’2.1  Formulation  of  Crtck  Tip  Equations 


Linear  cleat lc  fracture  aechanlca  (LEFH)  la  baaed  on  an  Ideal, 
eleatlc  solid  (l.e.,  one  that  la  homogeneous,  Isotropic  aud  obeys 
Hooke's  Law)  conforming  to  the  coatlnuua  nechentcs  relation  for 
stresses  end  strains.  Thus  LEFM  relations  for  the  stresses  end  strains 
In  a  body  containing  a  crack  oust  satisfy  the  requirements  for 
equilibrium  of  stresses,  compatibility  of  strains  end  the  boundary 
conditions  of  the  crack  geoaecry.  Because  several  authors  have 
adequately  presented  the  development  of  these  equations.  Including 
■roek  (1978),  Knott  (1973)  end  Parker  (1981),  the  subject  will  only  be 
briefly  reviewed  here. 

The  objective  of  the  LEFN  analysis  is  to  obtain  expressions, 
satisfying  the  conditions  mentioned  above,  for  the  stresses  In  a  body 
containing  a  creek  In  terms  of  the  loads  end  the  geometry.  Per  the 
axis  system  shown  In  fig.  1.1,  these  expressions  can  be  obtained  by 
considering  only  stresses  In  the  X-Y  plane,  and  then  extending  this 
Initial  result  Into  three  dimensions.  Airy  (1862)  ves  the  first  to 
demonstrate  that  a  stress  function  )  can  exist  which  gives  the 


follows: 


It  can  be  ihmro  (a.g.,  Iroek,  1978)  that  the  Airy  atraaa  function 
9  aatlflca  tha  equilibria*  and  continuity  regulrenents.  However,  tha 
problee  than  becones  ana  of  deriving  a  fun .. Ion  9  that  alao  eatleflee 
tha  boundary  conditions.  Uactargaard  (19)9)  proposed  a  solution.  In 
terns  of  a  coop lex  function  9,  applicable  to  a  body  containing  a  aharp 
crack  and  subjected  to  node  I  loading  (sea  fig.  1.2).  To  slnpllfy  tha 
boundary  cwuultlons,  Westergaard  applied  tha  cooplex  function  to  tha 
specific  case  of  an  Infinite  sheet  under  biaxial  loading  0,  containing 
a  crack  of  length  2a  (as  shown  In  fig.  13).  Thus  by  Judicious  choice 
of  the  cooplex  function,  the  crack  tip  stresses  are  given  In  polar 
coordinates  as: 

ix  “  o/v a  cos0(l-*aln9aln30)  ♦  additional 
/Isr  2  2  2  terns 

ajy  •  o/ia  cos9(l+*ln0aln)0)  ♦  additional  (1.2) 

/Jvr  2  2  2  terns 

Txy  •  j/«a  aln9cos9cos30  ♦  additional 
/TTr  2  2  2  tense 

If  the  point  (r,9)  le  sufficiently  close  to  the  crack  tip,  the 
additional  terns  referred  to  In  eg.  (1.2)  are  negligible  coopered  to 
the  first  tern.  This  elastic  solution  predicts  inftalte  stresses  at 
the  crack  tip  (r»f"  these  are  not  Infinite  In  practice  ftiace  plastic 
flow  occurs  In  the  highly  stressed  region  near  the  tip.  However,  If 
this  region  of  plastic  flow  Is  snail  coopered  to  the  region  over  which 
the  rl,<  tern  doal nates  the  stress  field  (snail  scale  yielding).  It 
osy  be  assuned  that  the  first  terns  (a  eg.  (1.2)  deterninc  the 
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behaviour  of  the  crack.  This  assumption  fora*  the  basis  of  LEFN. 

However,  the  Westergaard  solution  was  derived  for  the  specific 
case  of  balanced  biaxial  tension.  Sth  (1966)  and  Eftls  and  Llabowttt 
(1972)  deaonstrated  that  the  Westergaard  solution  Is  not  completely 
correct.  Also,  for  the  acre  coamon  case  of  uniaxial  tension,  the 
result  aust  be  aodlfled  by  superimposing  a  pressure  of  (~o)  In  the  X 
direction  (fig.  1.3),  asking  a,,  *0  at  large  value**  of  r.  However, 
these  corrections  do  not  affect  the  cal ia  of  the  stresses  near  the 
crack  tip. 

Irwin  (1934),  recognising  the  group  of  terae  o/ta  In  eg.  (1.2)  as 
a  fundaaental  quantity,  labelled  chea  the  stress  Intensity  factor  K. 
For  an  Infinitely  sharp  crack  In  an  Infinitely  wide  elastic  plate,  the 
stress  Intensity  factor  can  now  be  defined  as: 

*1  •  o/ta  (1.3) 

The  subscript  on  K  represents  mode  I  opening.  Similarly,  Xj .  ang 

*111  represent  the  stress  Intensity  factors  for  mode  II  and  mode  III 
opening  (see  fig.  1.2).  For  s  body  with  finite  dimensions,  eg.  (1.3) 

becoaes : 

*1  -  Te/va  (1.*) 

where  T  Is  a  sice  correction  factor.  K  has  become  an  taportant 
paraaeter  la  the  field  of  fracture  mechanics  because  It  characterises 
the  stress  field  around  t.ie  crack  tip.  Thus,  If  K  can  be  determined 
for  a  specific  geoaatry  and  loading  situation,  the  severity  of  the 
crack  tip  stress  singularity  can  be  coopered  to  that  of  other 
alternative  geometries  and  loading  situations  whore  l  Is  known.  This 
capability  Is  a  valuable  tool  la  structural  design. 


Kt«rltl&|  eq .  (1.2)  In  ctrai  of  the  stress  Intensity  factor 


lifta: 


'u  “  K|  cos6(l-sln9stn3l) 

/TTr  2  2  2 

"’yy  “  Kj  coal(lHlalalR)t)  (1.5) 

/Y*r  2  22 


xy  “  K.  coalalalalolt 

Thr  2  2  2 

3u  *0  for  plana  atraaa 

’u  "  v(  ixx+Jyy)  for  plana  atraln 

At  thla  point,  ana  othar  geometric  factor.  Indicated  In  the 

lattar  two  expressions  of  eq.  (1.5),  must  ba  noted,  Plane  atraaa  and 

plana  atraln  rafar  to  the  Idealised  altuatlona  of  either  a  totally  two 
dimensional  atreaa  field  or  two  dimensional  deformation.  For  exanple, 
plana  atraaa  condltlona  are  approximated  In  a  thin  aheet.  Because  lta 
free  awrfacaa  cannot  trananlt  a  load  la  the  direction  perpendicular  to 

the  sheet,  oj4  fS  taro  at  the  surface  and  remains  snail  across  the 
thickness.  Plana  strain  conditions  are  approxluated  on  the  mid  -plane 
of  a  thick  plats  because  of  constraint  f row  the  surrounding  elastic 
material.  In  this  case,  the  Poisson's  atraln  la  prevented  (€gg«0)  <ntj 

°sr"v(oxx+oyy).  As  Lake  (1974)  and  Boyd  (1972)  have  pointed  out, 

caution  should  be  used  when  applying  the  concept  of  plane  stress  and 

plane  strain  to  actual  fractured  materials  since  plane  stress  and 
plane  strain  are  Idealised  extreaes.  Their  use  simplifies 

calculations,  but  nest  practical  situations  He  somewhere  between  the 

* 


1.2.2  fUitlctty  Correct  Iona  to  urn 


The  equatlona  for  track  tip  atreaaea  derived  froa  linear 
elaatlclty  predict  a  acreaa  alngularlty  at  the  crack  tip  (a  ♦  •  aa 
r  0)  with  the  atreaa  Intenalty  factor  K  controlling  the  aeverlty  of 
the  alngularlty.  Since  the  atreaaea  within  the  aeterlal  cannot  be cone 
Infinite,  either  lta  fracture  atreaa  of  win  be  etceedad  end  fracture 
will  occur  or  the  yield  strength  ay  win  *  wM  the  naterlal 
will  plaatlcally  deform.  The  great  majority  of  engineering  aaterlala 
will  a how  son*  plaatlclty  at  the  crack  tip.  Since  the  degree  of  thla 
plaatlclty  —  reflected  by  the  crack  tip  plaatlc  tone  alte  —  will 
obvloualy  affect  the  crack  tip  atreaaea,  It  la  Important  to  be  able  to 
calculate  the  plaatlc  tone  alae. 

Lankford  et  al .  (1*77)  provide  an  eacellent  review  of  the  varloue 
net hod a  of  plaatlc  aona  alae  calculat Iona ;  their  notation  la  uaed 
here.  Let  rp  repreeent  the  actual  plaatlc  tone  alte  and  r,  through  r( 
repreaent  the  varloua  eatlaatea  of  plaatlc  tone  alte. 

The  flrat  eatlaate  of  plaatlc  tone  alte  uaea  eq.  (1.))  for  the 
y-dlrectlon  atreaa  at  the  tip  of  a  aharp  crack  In  an  Infinite  plate 
(aee  fig.  1.4)  with  I  aet  equal  to  0°,  giving 

°ry  -  «j  (I.*) 

/Tar 


Subetltut lng  the  yield  atreaa  Oy  for  oyy  and  eolvlng  for  r  glvea 


The  «ctu«l  plastic  ton*  will  Nr  larger  than  r,  .  however,  because 
the  load  represented  by  the  shaded  region  In  fig.  1.4  will  be 
supported  by  the  material  Immediately  ahead  of  the  r,  plestlc  cone. 
This  added  load  causes  sore  material  to  yield  so  that  the  plastic  soae 
becomes  r,  (fig.  1.)).  lice  (1967)  suggested  r}*2r, ,  where: 

tj  •  1  I  1  <!.«> 

Irwin  (I960)  malntelned  that  It  la  not  necessary  to  know  the 
exact  site  end  shape  of  the  plestlc  cone.  Since  plasticity  et  the 
crack  tip  creates  larger  displacements  and  the  material  has  lower 
stiffness  Chan  when  totally  elastic,  the  plasticity  nskes  the  crack 
behave  ea  If  It  were  longer  then  Its  actual  site.  Consequently,  Irwin 
proposed  e  plestlc  cone  correction  factor  r^*  such  that.  In  the 
equation  for  stress  Intensity,  the  crack  length  a  Is  replaced  by 
<•%*) 

e.g.  %  «  of»(a'*TpT)  (1.9) 

e 

Irwin  chose 

rp*  "  r,  "  1  %  *  •  1  X  *  (1.10) 

2/1  4T/T  6« 

Equations  (1.9)  end  (1.10),  In  which  K  Is  given  In  terms  of  rp* 
sad  rp*  Is  given  in  terms  of  K,  Imply  that  K  must  be  determined  by  an 
Iterative  process.  Although  e  plestlc  sons  correction  fector  allows  a 
more  exact  calculation  of  X,  Irwin's  rp*  was  mot  meant  to  be  an 
estimate  of  the  true  plastic  some  else,  elthowgh  It  Is  frequently  used 


ee  such 


Ihigdale  (I960)  proposed  e  different  approach,  post  listing  s  model 
which  miumi  that  yielding  occurs  In  *  narrow  strip  shaad  of  the 
crack  (fig.  1.4).  Essentially,  the  creek  of  length  2a,  with  yield 
cones  et  the  creek  tip,  le  rapleced  by  e  totally  elastic  crack  of 
length  2(a^r} )  plus  a  creek  of  length  2(t+T} )  which  Is  prevented  frost 
opening  over  the  region  r}  by  restraining  stressas  equal  to  the  yield 

atr*aa  °y.  Then  r}  Is  determined  such  that  the  stress  at  the  creek  tip 
*(•+*))  1*  finite.  This  wens  that  the  K  due  to  the  two  superimposed 

cracks  Is  taro.  In  other  words,  the  stress  Intensity  factors  for  tha 
cracke  of  length  2(a^r} )  ere  equal  in  magnitude  but  opposite  In  sign. 
Since  asprasslocs  for  the  elastic  K  can  be  determined  In  each  caee  in 
terms  of  (a+r^),  r}  can  be  found: 

r j  -  s  l  *  (l.iD 


Although  useful  ee  a  means  of  calculating  plastic  sons  site,  the 
Dujtdale  model  loses  some  physical  significance  by  requiring  a  aero 
stress  Intensity  factor  st  (e+Tj ),  In  effect  implying  that  a  Dugdale 
crack  has  mo  driving  force  for  creek  estenslon.  (The  concept  of  e 
crack  driving  force  will  be  considered  In  some  detail  later.)  A 
similar  model  was  propounded  by  Berenblett  (1942)  using  molecular 
cohesive  forces  to  ellmlmste  the  creek  tip  stress  singularity.  Also, 
Bllby,  Cottrell  end  Svlnden  (1943)  developed  their  BCS  model,  which 
employs  e  continuously  distributed  array  of  dislocations*  Overall,  the 
Dugdale,  tarenblstt  end  BCS  models  yield  similar  predictions  for 
plastic  con*  else. 

however,  their  estimates  only  consider  one  dimension  of  the  three 
dimensional  plastic  sons.  Here  precise  predictions  of  plastic  tone 
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■It*  consider  the  etete  of  atrese  (plane  stress  or  plane  strata 
referred  to  earlier)  and  the  yield  condition.  For  exaaple,  the  Tresca 
yield  condition  states  that  yielding  will  occur  when  the  sailaus 
applied  shear  stress  exceeds  a  critical  value  jit; 

'air  ”  Oj-flj  2:  Tf  (1.12) 

2 

where  s(  and  o}  are  the  sailaus  and  stnlaua  principal  stresses, 
respectively.  In  uniaxial  tension  the  aaxlaua  applied  nonsal  stress  Is 
twice  the  aaxlaua  applied  shear  stress  (Oj*0),  and  eq .  (1.12)  reduces 

to 

°1  *  °y  (1.13) 

Alternatively,  the  von  Mlses  yield  criterion  Is  based  on  a 
aaxlaua  la  strain  energy  denslcy  and  la  given  by  (Brock,  197B,  pg  96) 

oy  <  ♦  (Oj-o,  ^  0*3*) 

2 

The  voa  Hlses  criterion  has  been  found  to  closely  predict  the 
experlaental  results  for  the  onset  of  yielding  In  ductile  aetels. 

If  the  crack  tip  stress  field  equations  (1  5)  are  rewritten  la 
terns  of  principal  stresses,  the  following  equations  result: 
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o,  -  K  cot9(  i+*in9) 

2  T 


Oj  •  K  cos8(l-aln®)  (1.15) 

/Ttr  2  T 

<jj  ■  0  for  plane  a  treat 

flj  "  vfflj+Oj)  -  2v  K  cot*  for  plan*  atraln 

/%Sr  2 


Substituting  equations  (1.15)  loto  tha  von  Hlaaa  yield  condition 
allow*  solution  for  the  boundary  of  the  plastic  tone  as  a  function  of 

•  aa 


%<•> 


3alni*^l-2w)^(l+cos») 


for  plane  atraln 


rp<«) 


^  l+)iln<HcosS 
4*o  *  2 

y  L 


for  plane  stress 


(1.14) 


This  Is  equivalent  to  the  first  eat  lust*  of  plastic  tone  site  ri. 
la  fact,  substituting  9*0  in  the  plane  stress  equation  for  *p(g)  glees 
the  sane  result  as  eq.  (1.2) 


rp(»-0) 


however,  the  plane  atraln  equation  glvaa 


(1.17) 
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(l.lft) 


*>(9-0)  -  (l-2v)*  K  1 


Therefore,  the  plane  screes  value  for  rp  «t  9*0°  approximately 
aloe  times  greater  than  the  plane  strain  r  Thus,  the  plastic  tone 
site  estimate  rf  applies  accurately  to  the  plane  stress  situation  but 
greatly  overestimates  the  plane  strain  plastic  tone. 

When  equations  (1.1b)  are  plotted  on  aorMllsed  axes  as  in  fig. 
1.7,  the  relative  sixes  as  a  function  of  *  of  calculated  plane  stress 
and  plane  strain  plastic  tones  emerge.  Dus  to  these  differences  in 
else  and  shape,  any  plate  that  is  thick  enough  to  approximate  plane 
strain  constraint  on  its  mid-plane  would  develop  a  three-dimensional 
plastic  sons  through  the  thickness  as  shown  In  fig.  1.1.  However, 
HcCUatork  sod  Irwin  (19ft))  felt  It  unlikely  th.n  sufficient 
constraint  would  be  generated  to  produce  a  plane  strain  pl.istlc  tone 
that  Is  nine  times  ssMller  than  the  plsne  stress  plastic  sons.  Their 
estimate  of  this  constraint  reduces  the  plsne  strain  plastic  sone  to 
about  one-third  the  plans  stress  sons.  Therefore,  two  additional 
estimates  of  the  plane  strain  plastic  sone  slse  can  be  made  based  on 
r(  and  r^  (Lankford  et  al.,  1977)  as 


rj  •  r j  •  1  K  1  (1.20) 

3  3s  ay* 


More  accurate  estimates  use  finite  element  methods  which  take 

/ 

Into  account  material  hardening  characteristics  (e.g.  tics  and  Tracey, 


1973  and  Tracey,  1971  and  197ft).  These  studies  show  that  the  plane 


•  train  plastic  tone  ia  not  aywcrk’  about  the  y-axis  (the  vertical 
axis  in  figs.  1.7  and  l.t).  Instead,  the  lobes  are  rotated  forward 


toward  the  horizontal  axis  so  that  the  aatlaoa  plastic  tone  dlaenslon 
occurs  at  4  ■  70 fi 

According  to  Rice  and  Rosengren  (1968),  the  plastic  tone  site  is 
•lightly  affected  by  the  work  hardening  rate  for  a  power  law  hardening 
aaterlal  whose  true  stress-true  strain  curve  is  described  by 

a  -  kcN  (1.21) 

where  k  is  a  constant  and  N  is  the  work  hardening  exponent.  They 
showed  that  the  aexlaua  distance  froa  the  crack  tip  to  the 
elastic-plastic  boundary  was  at  6*100^  Also,  they  found  that  for 
rp  is  given  by 

r  (R-0o)  -  0.007  K  1  (1-22) 


Thus  a  great  asny  theoretical  estlaates  of  plastic  tone  site  have 
been  postulated,  based  on  various  assuaptlons  and  using  different 
■•dels  for  their  calculations.  It  is  perhaps  noteworthy  that  the  only 
Metallurgical  variables  Involved  in  these  estlaates  are  yield  strength 
and  strain  hardening  rate.  The  saount  of  effort  expended  to  calculate 
plastic  tone  site  goes  far  beyond  its  value  as  a  correction  factor  to 
ULrn  st rets  intensity  factors;  the  Interest  in  the  crack  tip  plastic 
tone  reflects  Its  laportance  la  the  aetallurglcel  view  of  crack 
extension  and,  ultlaately,  fracture.  Since  it  is  widely  felt  that  the 
energy  required  for  fracture  is  expended  la  this  crack  tip  tone,  valid 
fracture  criteria  aust  relate  to  the  deforast ion  processes  occurring 
in  Che  crack  tip  plastic  tone. 
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1.3  Fracture  Criteria 


Prior  to  considering  the  mlcro-mechanlstlc  aspects  of  crack 
extension,  the  stjor  macroscopic  parameters  In  current  use  as  fracture 
criteria  will  be  reviewed.  These  criteria  Include  the  energy  release 
rate  C,  stress  Intensity  factor  R,  crack  tip  opening  displacement  i, 
and  the  J-lntegral.  Underlying  each  of  these  theories  Is  the 
assumption  that  fracture  will  occur  once  a  critical  value  of  the 
applicable  parameter  Is  achieved  The  symbol  for  this  parameter  is 
given  a  subscript  c  to  represent  the  critical  value.  Of  the  theories 
mentioned,  the  energy  release  rate  was  the  first  to  be  developed, 
based  on  the  early  work  of  Griffith. 

1.3.1  Energy  IU lease  Kate 

Griffith  (1920)  reasoned  that  crack  extension  of  a  small 
Increment  da  would  occur  at  the  tip  of  a  crack  of  length  2a  when  the 
total  energy  E  of  the  cracked  body  Is  decreased  by  the  extension,  t.e. 

dE  <  0  (1.23) 

da 

Considering  the  case  of  a  cracked  plate  of  thickness  I  under  a 
load  P,  the  total  energy  E  of  the  system  Is  composed  of  the  elastic 
energy  0  contained  In  the  plate,  the  work  F  performed  by  the  external 
force  and  the  energy  V  for  crack  formation.  The  Crlfflth  condition  of 
agnation  (1.23)  can  be  written  as  the  condition  for  neutral 


1* 


equlllbrlun 


d  (U-P+V)  -  0  (1.2*) 


or  4  (r-V)  -  JW 

da  da 

The  left  side  of  the  second  equation  (1.24)  represents  the  energy 
tending  to  extend  the  crack  and,  sln-e  It  hae  dimensions  of  force  per 
unit  length.  Is  often  called  the  crack  extension  force.  The  right  side 
of  equation  (1.24)  reflects  the  energy  opposing  crack  extension  —  the 
crack  resistance  for-e. 

ho yd  (1171)  provides  an  excellent  reals*  of  Griffith's  evaluation 
of  the  terns  la  equation  (1.24).  Griffith  conaldered  the  particular 
problea  of  the  fracture  of  glass.  He  asaused  that  glass  fractured  so 
quickly  that  there  was  no  tine  for  external  energy  n  be  applied,  so 
that  dP/da-O.  Since  glass  Is  a  very  brittle  substance  which  he 
conaldered  unable  to  deforn  plastically,  he  set  the  energy  for  crack 
fomatlon,  dW/da,  equal  to  twice  the  surface  energy  y  (since  two  new 
surfaces  are  forned  when  the  crack  extends)  such  that  dW/da«2y. 

The  tern  dW  da  Is  the  elastic  strain  energy  released  by  unit 
extension  of  the  crack,  for  exaaple,  the  area  under  the  elastic 
port  loo  of  a  stress -strain  curve  gives  the  elastic  strain  energy  per 
unit  volune  for  a  given  anount  of  strain.  This  area  Is  proportional  to 
a1 ft  where  o  Is  the  applied  stress  and  E  Is  the  clastic  nodulus. 
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Therefore,  one  would  expect 


dO  -  (1.25) 

do  l 

Griffith  used  a  solution  derived  by  Inglls  for  the  stress  field 
In  the  vicinity  of  an  elliptical  hole  In  en  infinite,  thin  Uslna.  The 
result  was 


dU  -  -2 vo^e  (1.2b) 

da  e 

Uturulng  to  equation  (1.24)  end  substituting  for  each  term  gives 
2io^e  •  4y  (1.27) 

e 


This  equation  represent  a  a  creek  that  Is  on  the  threshold  of 
Instability.  Crlfflth  then  solved  this  equation  for  the  critical  value 

of  stress  ec  rMOt€  ffon  the  crack  for  which  the  crack  would  extend, 
giving 


c 


C  - 


(1.2«) 


This  equetlon  geve  Crlfflth  satisfactory  predictions  for  the 
fracture  stress  of  brittle  glass  but  involved  quite  e  few  assumptions. 
A  major  one  Is  that  the  energy  for  creek  formation  term  dU/da  Is  Just 
the  surface  energy  of  the  new  crack  feces.  Irwin  (1949)  recognised  the 
Importance  of  Griffith ’s  equation  but  realised  that  In  e  metal,  crack 
extension  requires  energy  for  new  surfaces  plus  energy  for  plastic 


dafarnatlon  aa  the  crack  tip  plaatlc  son*  advances.  Therefore,  tha 
Griffith  aqua  t Ion  (l.2f)  bar  mas 


^>ls  <*•»> 

Tha  plaatlc  work  anargy  tp  la  conatdared  to  bo  ouch  largar  than 
tha  surface  energy  taro  y  and  ao  tha  lattar  la  normally  neglected  for 
aatsle.  Irvin  than  4a no tad  by  C  tha  total  work  par  trait  araa  of  crack 
extension  4H,  da-C  which  tncludaa  tha  thaoratlcal  aurfaca  aoargy  and 
tha  wo*k  ahaorbad  to  caualng  plaatlc  flow  during  fracture.  Equation 
(1.29)  can  bo  rawrlttan 

"1? 

Strictly  speaking,  thla  aquation  la  only  corract  praclaaly  at  tha 
onoant  of  crack  extension  whara 


(1.30) 


Cc  -  dW  -  -dU  (1.31) 

da  da 

■ovever,  C  ha a  comm  to  rapraaant  tha  anargy  ralaaaa  rata  (or 
anargy  ahaorptlon  rata)  In  ganaral  ao  that  for  a  plata  of  thlcknaaa  I 

C  -  -1  >0  (1.32) 

I  U 

Tha  uaa  of  C  as  a  *  fractura  crltarlon  la  daplctad  In  fig.  1.9.  gy 
aaauntng  that  tha  crack  growth  raaiatanca  I  la  lndapandant  of  crack 
alto,  rearranging  aquation  (1.30)  for  tha  ganaral  eoaa  of  plane  strain 
glace 
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C  -  (l-v*)o'ta 


(1.33) 


e 

Thus  (or  a  given  crack  length  fracture  will  occur  when  C  »  Cf  .  vh« 
two  C  line*  ahown  represent  two  crack  lengths  where  *2  >af  .  The  slope 
of  the  C  line  for  crack  length  a2  la  smaller  that  for  a(  Indicating  a 
(nailer  critical  stress  required  for  the  longer  crack.  Thus  Cf  C4R  ^ 
regarded  as  a  aaterlal  property.  In  order  to  use  C  In  design.  It  la 
necessary  to  calculate  C  for  a  particular  configuration.  Brock  (1978) 
shows  that  for  a  plate  of  thickness  B  under  a  load  7,  the  energy 
release  rate  la  given  by 

C  •  P*  JC  (1.34) 

2B  )a 

where  X/la  represents  the  change  In  coop llance  of  the  plate  per  unit 
crack  extension.  The  critical  value  of  C  la  plane  strain  (labelled 

Cle)  can  be  found  experloental ly  for  a  particular  naterlal  In  such  a 
configuration,  and  the  value  of  C  calculated  froe  any  other 
configuration  can  be  coopered  to  this  oaterlal  paraoeter  Cjf>  ^ 
energy  release  rate  C  has  the  units  of  work  per  unit  area  of  new  crack 
surface,  equivalent  dloenslonally  to  force  per  unit  length  of  crack 

e 

front  giving  rise  to  the  tern  crack  extension  force* 

Thus,  although  oany  assuoptlons  are  Involved,  the  energy  approach 
produces  a  fracture  criterion  In  the  forn  of  a  critical  energy  release 
rate.  This  result  leads  directly  to  the  critical  stress  intensity 
criterion. 
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The  strata  intensity  factor  t  as  given  In  equations  (1.3)  and 
(1.*)  ia  tha  no st  eo— only  used  nacroscopic  fracture  parameter. 
Substituting  aquation  (1.3)  into  equation  (1.33)  gives 

C  •  (l-v2)*2  plane  strain  (1.35) 

t 

C  •  f  plane  streaa 

t 

If  there  is  a  critical  plane  strain  energy  release  rate  CIc. 
there  ia  also  a  corresponding  critical  plane  strain  stress  intensity 

factor.  Kjfi  defined  for  plane  atraln  rather  than  plane  stress 

because  the  critical  stress  lateivUty  for  crack  extension  JCf  varies 
vith  thickness  as  shown  in  fig.  1.16.  After  an  initial  snarp  increase 
with  thickness  for  very  thin  sheets  (Kiss  for  7075-T4  Al),  the  1£ 

decreases  with  thickness  to  a  Uniting  value,  Klc.  This  is  due  to  the 
increese  in  constraint  raferred  to  in  Section  1.2.1.  When  defined  in 

this  way,  Ij£  represents  the  worst  case  condition  for  c  particular 
material  and  so  can  be  taken  as  a  material  parameter.  Thus,  Kj,  jf 
defined  ae  the  plane  atrein  fracture  toughness.  Unfortunately,  this  la 
somewhat  of  a  misnomer  since  Ij£  (a  based  on  G  which  is  defined  as  the 
elastic  energy  release  rate.  However,  u  ,tnJ  c^idered  a  valid 
material  paranater  and  fracture  criterion  as  long  as  the  plastic  aone 
at  the  crack  tip  ia  small  in  relation  to  the  crack  length  and 
dimensions  of  the  test  piece.  Specific  limitations  an  this  small  scale 
yielding  requirement  will  be  considered  in  Chapter  2. 


The  fracture  criteria  discussed  ae  far  ere  baaed  »o  linear 
elaatlc  fracture  mechanics  and  can  be  applied  only  when  the  anall 
acale  yielding  condltlona  apply.  Thus  Clc  and  IC,p  glr#  ,#tl, factory 
reaulta  for  the  fracture  toughness  of  Inherently  brittle  neterlala  and 
one a  with  high  yield  strengths.  Hove re  r ,  atructural  ateela  and 
alunlnlun  alloya  often  have  low  atrength  end  high  toughneaa  which 
Imply  plaatlclty  before  fracture,  la  theee  neterlala  L£FM  aeaunptlona 
no  longer  apply,  and  the  goal  la  to  develop  aultable  elastic-plastic 
fracture  criteria. 

1.3.3  Crack  Opening  Meplecenent 

The  need  for  a  fracture  parameter  that  would  allow  for  large 
anounta  of  pleatlclty  and  yet  would  be  related  to  the  energy  and 
atreaa  lntenrlty  concepts  resulted  In  the  crack  opening  dlaplecenent 
(COO)  approach.  This  approach  assumes  that  fracture  will  occur  when 
the  local  stress-strain  conditions  In  the  region  close  to  the  creek 
tip  exceed  some  critical  value  that  la  a  function  of  the  materiel 
properties.  Veils  (1962)  proposed  that  the  crack  opening  displacement 
le  a  measure  of  the  work  done  In  extending  the  creek.  He  also  pointed 
out  that  the  COO  could  be  related  directly  to  C  and  K  when  LEPM 
condltlona  apply.  This  follows  froei  the  (higdele  model  mentioned 
previously  (Dugdale,  1960)  end  Is  shown  In  fig.  1.6.  Burdekln  end 
Stone  (1966)  point  out  that  the  separation  of  the  crack  faces  et  the 
tip  of  a  Dugdale  creek  Is  given  by 

COO  -  4  *  ft^a  In  sec  ««  (1.36) 
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where  o  is  the  rnotiljr  applied  tensile  stress  Vher  o  Is  eaall 
-taps red  to  0y%  tht  000  can  he  approximated  (using  equation  (1.33))  by 

8  -  tt^s  -  Cj  (1.33) 

t9y  »y 

Therefore, 

C  -  6oy  .  g2(l-v2)  (t.3«) 

I 

Thus  when  IfFM  conditions  apply,  the  critical  000  Is  equivalent 
to  a  critical  C  or  K.  However,  000  was  developed  ee  a  candidate  for  a 
fracture  paraaeter  to  be  epplled  when  there  la  considerable 
plasticity;  ite  validity  as  such  depends  on  the  critical  COO  being  a 
unique  ctuuactartcadon  of  the  fracture  resistance  of  eny  particular 
ductile  astariel.  Unfortunately,  experimental  deteralnat Ion  of  000  Is 
extreaaly  difficult  both  to  perfora  end  to  st  ndardlse.  for  example, 
there  la  no  widely  accepted  precise  definition  for  the  position  within 
the  crack  where  the  COO  should  be  measured.  Much  of  the  lltereture  now 
refers  to  CTOD,  for  crack  tip  opening  dlspleceswnt ,  presusuikly  to 
distinguish  the  tip  dlspleceaent  froa  dlspleceaent  elsewhere  along  the 
crack,  e.g.  the  load  line,  for  tough  aeterlels,  there  is  also  the 
problea  of  slow  stable  crack  growth  asking  defln'tlon  of  the  precise 
aowent  of  crack  extension  difficult.  Also,  application  of  a  critical 
CTOO  for  a  particular  design  structure  causes  probleae  because  a 
fracture  stress  or  a  critical  crack  else  cannot  be  calculated 
directly.  It  eases  that  the  aejor  utility  of  a  critical  CTOO  la  as  an 
eaplrlcal  value  which  provides  a  relative  aeasure  of  toughness. 

Since  the  COO  approach  does  net  generally  qualify  as  an 


elastic-plastic  fracture  criterion,  such  attention  has  been  given  to 
the  J~lntegral. 

I. 3.4  The  J-lntegral 

The  Cjc  and  lj£  fracture  criteria  are  strictly  valid  only  for 
LCFM,  but  they  are  useful  also  when  strict  requirements  are  placed  on 

the  amount  of  plasticity  (small  scale  yielding).  Tor  many  structural 
metals,  dimensions  of  test  specimens  muat  be  prohibitively  large  to 

obtair  a  valid  Kjc.  The  J-integral  as  defined  by  llct  (1968)  has  been 
regarded  as  an  elastic-plaatlc  fracture  parameter  that  will 
accommodate  largsr  plasticity  and  thus  allow  determination  of  Jj£  froa 
relatively  ssull  specimens. 

tics  (1968)  defined  a  two  dimensional  energy  line  Integral  as 
follows  (fig.  1.11) 

J  -  jwdy  -  TJuds  (1.39) 

r  h 

where  V  •  strain  energy  density  “  yadt 

T  •  traction  vector  perpendicular  to  the  line 
u  •  displacement  in  the  X  direction 
ds  •  an  element  of  the  line 
T  •  the  closed  contour  followed  counterclockwise 

tlce  (1968)  showed  that  the  line  Integral  is  path  Independent  on 
a  contour  around  a  crack  tip  and  that  under  UtfM  conditions 

J  •  C  •  -1  Ml  (1.40) 

I  »a 
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Although  J  was  originally  developed  for  non-linear  alaatlc 
materlala,  tha  coocapt  haa  boon  extended  to  elaatlc-plaatlc  materlala 
and  demonatrated  to  be  valid  where  deformation  thaory  of  plaatlclty  la 
valid  (Rice,  1949b).  Dowling  and  Begley  (1974)  point  out  that  In  tha 
anargy  daflnltlon  of  J  (aquation  1.40)  for  elaatlc-plaatlc  aatorlala 
tha  quantity  U  la  no  longar  tha  potantlal  anargy  but  rathar  the 
alaatlc-plaatlc  work  nacaaaary  to  daflact  tha  apaclnan-  Thu a ,  J  can 
not  ba  lntarpratad  aa  tha  potantlal  anargy  available  for  crack 
extenalon.  However,  J  dee a  have  phyalcal  algnlflcanca  bacauaa  It  la  a 
meaaure  of  tha  charactarlatlc  crack  tip  atraaa  field  (lagley  and 
Landea,  1972)  and  la  thua  unable  aa  a  geometry-1 ndapandent  atatlc 
fracture  toughneaa  criterion. 

Before  conaldermg  tha  experimental  meaaurament  of  J,  the 
ralatlonahlp  between  J  and  the  prevloualy  dlacuaaad  fracture  criteria 
will  be  preaanted.  From  equatlona  (1.40)  and  (1.3t) 

J  -  C  -  af6  .  g2(l-vJ)  (1-41) 

E 

Thaae  equatlona  atrlctly  apply  only  under  LEW  condltloae  and  at 
tha  critical  value  of  each  parameter  at  tha  omaat  of  crack  extanaloa. 

Tha  experimental  determination  of  J  la  baaed  not  on  the  line 
Integral  daflnltlon  but  on  tha  energy  rate  definition.  Clarke  ct  al. 
(1979)  have  developed  a  procedure  for  determining  ductile  fracture 
toughneaa  uelng  tha  J-lntegral.  Their  procedure  la  baaed  on  an 
analyala  by  tlce,  Faria  and  Merkle  (1973)  which  ahowed  that  J  can  be 
eatlmated  for  a  deeply  cracked  bend  a par  loan  from  the 
load-dlaplaeenent  record  by 


J  »  u 


(1.42) 


»b 

where  A  Is  the  ares  under  the  load  versus  load  point  displacement 
curve  and  b  Is  the  uncracked  ligament  length  (K  Is  the  thickness). 
Clarke  and  Landes  (1979)  have  extended  this  formula  to  Include  compact 
tension  specimens,  and  this  technique  will  be  covered  In  detail  In 
Chapter  2.  However,  the  result  Is  a  plot  of  experimental  points  for  J 
against  crack  extension  Aa  as  shown  In  fig.  1.12.  determined 
from  the  Intersection  of  the  best  fit  line  and  the  crack  blunting  line 

given  by  The  slope  of  the  J-Aa  line  Is  a  measure  of  the 
resistant*  of  the  material  to  continued  crack  extenelon.  The  slope 
dJ/da  has  beei  used  to  formulate  the  tsarlng  modulus  T  defined  by 
Paris  et  al.  (1977)  aa 

T  -  E  dJ  (1.43) 


A  surge  of  recent  work  has  attempted  to  characterise  different 
materials  using  J  and  T;  a  major  concern  therefore  Is  whsther  or  not 

■*IC  end  T  are  In  fact  material  parameters.  One  approach  has  been  to 
measure  Jjc  M  specimens  for  comparison  with  KIc  as  determined 
on  thicker  specimens  using  equation  (1.41).  Logsdon  (1976)  did  this 
fo  four  rotor  forging  steels  and  one  east  steel  and  obtained  good 
agreement.  Another  approach  is  to  vary  specimen  geometry,  e.g.  crack 
length  a,  remaining  ligament  b,  thickness  t,  and  to  determine  If  Jjp 

and  T  In  fact  remain  Independent  of  these  variations. Oudas,  Joyce  and 
Davis  (1979)  did  this  using  HT-l 30  steel.  They  found  that  V1| 
Independent  of  specimen  geometry  but  that  T  Increased  with  s/V  (where 
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H  la  specimen  width).  They  fait  that  th«  tearing  modulus  la  sensitive 
to  crack  tunna lilac,  which  can  ba  decreased  by  faca  grooving  tha 
specimen.  Druce  (1H1)  patforaa4  alallar  taata  on  C -Ho  ataal  and  found 
that  tha  Initiation  of  ductlla  cracking  and  tha  elope  of  tha  J 
raalatanca  curve  ara  geometry  dependant.  However,  ha  fait  that  If  tha 
remaining  ligament  b  and  tha  apac loan  thlcknaaa  B  warn  large  enough  (b 

>  WJ*  ^  end  B  >  90J/o y),  than  a  notarial  charactarlalng  value  of 
thaaa  parameters  could  ba  obtained. 

Daaplta  a one  mixed  raaulta  on  thalr  validity  aa  material 

pe’wttira,  J|e  aB4j  to  ,  laaaar  aatant  T  have  gained  wldaapraad 
acceptance  for  the  characterisation  of  ductlla  fracture  for 
alaat lc-pleatlc  natarlala.  Since  J  waa  developed  Initially  for 
non-linear  alaatic  conditions  and  than  extended  using  tha  deformation 
theory  of  plasticity  which  does  not  allow  for  any  unloading,  J  should 
only  be  used  for  crack  Initiation  and  snail  aaounts  of  crack 
extension.  Tha  aaauaptlons  In  tha  derivation  of  J  have  bean  subjected 
to  considerable  abuse  by  aoaw  Investigators  who  use  J  to  charactarlta 
quite  large  eoounta  of  crack  extension  (Abou-Sayed  at  el.,  1981). 
However,  thalr  lnvaatl gat  ions  are  partially  dafanatbla  on  the  grounds 
that  these  empirical  results  corralata  wall  with  anticipated 
behaviour. 

Many  other  quantities  have  bean  proposed  as  fracture  criteria 
such  as  strain  energy  density  (Cerberich,  DM),  stretch  tone  width 
(Kobeyesht  at  al.,  1979)  end  work  to  fracture  (Stuwe,  1980).  Since 
many  of  tha  proposed  models  seek  to  determine  critical  parameters  and 
thalr  Interaction  with  specific  alcrostructural  faaturas,  a.g.  second 
phase  particles,  grain  site,  voids,  slip  distribution  etc.,  tha  next 
section  will  address  soma  major  affects  of  nlcrost rue tore  on  tha 
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fracture  process. 


I . *  Hlcroetruetural  Effects  on  fracture  Mechanics 

At  present  no  systematic,  generally  accepted  me t hod  eslsts  for 
determining  the  effect  of  adcroetructure  on  crack  propagation  an. 
fracture,  due  mainly  to  the  great  variety  of  alcroetructures  la 
aetelllc  aaterlals.  Thus,  It  la  not  always  possible  to  describe  the 
aierostructure  sccurately.  However,  a  great  oumber  of  eaplrlcal 
results  have  been  foraulated  concerning  the  effect  of  sdcroetructure 
on  crack  propagation  properties.  Schwalbe  (1977)  provides  an  excellent 
survey  of  soae  of  these  results.  Before  considering  the  effects  of 
particular  alcrostructural  features,  cooaon  crack  propagation 
aechanlsas  will  be  examined. 


1.4.1  Crack  Propagation  Mechanises 


As  a  aeana  of  reviewing  results  on  alcroatructursl  effects, 
Schwalbe  (1477)  Introduced  the  coaaonly  encountered  alcrostructures  of 
polycrystal line  eetalllc  aaterlals,  shown  In  figure  1.13.  The  five 
as  for  types  of  aierostructure  are  (a)  tingle  phase,  polycrystalllnn 
aetelllc  notarial;  (b)  two  phase  aaterial,  6  In  a;  (c)  two  ohase 
notarial,  6  tn  a  with  epproxlnately  equal  voluae  content;  (d)  second 
phase  particles  along  the  grain  boundaries  of  the  first  phase;  end  (e) 
continuous  network  of  the  second  phase  along  Che  grain  boundaries  of 
Che  first  phase.  For  these  Cypes  of  aierostructure,  Schwalbe  listed 
ten  potential  crack  propagation  aechsnleao,  shown  tn  figure  1.14  an: 

a)  cleavege  crack  propagation 
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b)  dlaplt  fracture  due  to  coarse  particles 

c)  dlaple  fracture  due  to  floe  particles 

d)  dlaple  fracture  due  to  coarse  and  floe  particles 

e)  latergraoular  crack  propagation  due  to  grain  boundary 
precipitates 

f)  Intergranular  crack  propagation  due  to  a  hard  phase  grain 

boundary  file 

g)  Intergranular  crack  propagation  due  to  a  soft  phase  grain 

boundary  flla 

h)  crack  propagation  by  nllp  plane/sllp  plane  Interaction 

I)  crack  propagation  by  slip  plane/grain  boundary  Interaction 

J)  crack  propagation  solely  by  plastic  blunting 

Such  a  relatively  large  number  of  potential  mechanisms  highlights 
Che  problen  of  modelling  crack  propagation  since  each  nechanlsn  nay  In 
turn  depend  on  a  different  local  parameter  for  operation.  Also,  the 
model  is  further  complicated  by  aetal*  in  which  cracks  propagate  due 
to  several  of  the  above  mechanisms  In  competition.  Despite  the 

difficulties  some  general  comments  can  be  made.  Low  temperature,  high 
defornatlon  rate  and  a  trlaxlal  stress  state  can  cause  low  and  medium 
strength  steels  to  fracture  by  the  low  energy  cleavage  mechanism 
(figure  1.14(a)).  t  cleavage  crack  Is  considered  to  Initiate  at 
dislocation  pile-ups  (Tetelman  and  McEvlly,  IW7)  when  several 
dislocations  at  the  head  of  the  pile-up  coalesce*  This  cleavage  crack 
then  propagates  due  to  the  stress  concentration  at  the  plle-up 
whenever  the  tensile  stress  on  a  plane  normal  to  the  slip  plane 
reaches  the  Ideal  fracture  stress  (Soneycombe,  1968,pg.4}0).  Thus  the 
extent  of  dislocation  movement  prior  to  propagation  of  the  crack  can 
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be  fairly  email;  thla  machanlam  repretent ■  the  lowest  fracture 

toughness. 

l.*.l  Effect  of  fart  Idea 

Mechanisms  (b),  (c)  and  (d)  la  figure  1.1*  Illustrate  ductile 

crack  propagation  due  to  rupture  around  second  phase  particles.  The 
large  second  phase  particles  In  (b)  and  (d),  usually  called 
Inclusions,  are  cauaed  by  Impurities.  Such  Inclusions  do  not 
contribute  significantly  to  the  material's  strength.  The  fine 
particles  in  mechanisms  (c)  and  (d)  can  be  either  large  precipitates 
or  dlspersolds.  The  resultant  dimple  formation  mechanism  around  such 
second  phase  particles  is  Illustrated  schematically  In  figure  1.13.  As 
the  component  la  loaded,  the  crack  tip  blunts.  Large  plastic  strains 
at  the  tip  cause  second  phase  particles  either  to  crack  or  to  decohere 
at  the  particle-matrix  Interface,  depending  upon  the  strength,  size, 
and  shape  of  the  particles  and  the  Interface  strength.  The  voids  thus 
formed  then  grow  until  they  coalesce  either  with  each  other  or  with 
ike  crack  tip.  If  each  particle  In  the  crack  plane  either  cracks  or 
voids,  then  the  dimple  sice  would  correspond  to  the  particle  spacing. 
Sroek  (1972),  after  examining  the  fracture  surfaces  and  alcroatrueture 
of  13  aluminium  alloys,  found  that  ductile  rupture  was  Initiated  at 
small  Inclusions  and  that  the  average  dimple  spacing  was  equal  to  the 
average  Inclusion  distance.  Be  concluded  that  void  Initiation  la 
followed  Immediately  by  spontaneous  growth  and  coalescence.  Therefore 
void  Initiation  la  the  critical  event  in  ductile  fracture.  HI 
conclusion  implies  that  more  particles  will  yteld  sore  void  awcleatloo 
sites  and  thus  reduce  toughness.  This  reduction  In  fracture  toughness 
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with  Inclusion  content  (ihovi  in  figure  1.14)  la  also  auggeated  by 
other  lnveat lgatora .  Hahn  and  Rosenfleld  (1973)  found  that  K|c  varied 

with  f£  where  fc  j,  the  volitw  fraction  of  cracked  partlclea.  They 

pr opoaed  an  equation  for  Kjc  M 


where  D  la  the  particle  dlaneter.  Thla  expreaaion  la  baaed  on  prevloua 
work  by  Rice  and  Johnaon  (1970),  whoae  propoaed  Model  for  hole  growth 
at  a  blunting  crack  tip  aaaunea  that  crack  growth  occura  by 
eoaleacenee  of  the  void  with  the  crack  tip.  Later,  Van  de  Kaeteele  and 
Broek  (1977)  lnveatlgated  the  failure  of  large  aecond  phaae  partlclea 
In  707S-T4S1  alualnlun  alloy,  ualng  thla  Model.  However,  they 
aubeequently  Modified  It  becauae  they  found  that  the  llgaMent  between 
large  partlclea  failed  by  the  Initiation  and  growth  of  oolda  at  Much 
analler  partlclea.  Thu a ,  they  obeerved  the  ductile  fracture  Mechanlan 
In  figure  1.14(d)  and  obtained 

*lc .  f-l'“  a-*5) 

Van  de  Kaeteele  and  Broek  eventually  concluded  that  both  apaclng 
and  volume  fraction  of  large  partlclea  are  ioportant  to  toughneaa  and 
that  Che  failure  of  partlclea  la  dictated  by  the  aaxlaun  principal 
atreaa . 

Inferring  again  to  figure  1.14(b),  (c)  and  (d),  Schwalbe  (1977) 
compared  theae  three  propagation  nechanlaaa  according  to  the  alee  of 
partlclea  active  in  dimple  formation  and  relative  toughneaa  aa 
follow*:  nechanlan  (b)  —  large  partlclea  active,  low  toughneaa; 
Mechanlan  (c)  —  small  partlclea  active,  high  toughneaa;  nechanlau  (d) 


Both  types  of  particles  active,  even  lover  toughness  than  for 


mechanism  (b)  sine*  eh*  small  partlclsa  reduce  th*  fictlllcy  of  the 
ligaments  batv**n  eh*  large  pare  Idea. 

Although  the  majority  of  esperlmentel  evidence  shows  that 
toughness  decreases  with  Increase  In  volume  fraction  of  particles, 
tfcinwoody,  Hoore  and  Thomas  (1973)  achieved  an  Increase  la  toughness  by 
adding  particles  to  an  A1 -Hg-Sl  alloy.  One  possible  explanation  for 
this  Increase  Is  the  effect  of  *mal 1  Incoherent  particles  on  slip 
distribution. 

1.4.3  Effect  of  Slip  Distribution 

Jlornbogen  and  Zum  Cahr  (1973)  examined  the  distribution  of 
plastic  strain  In  alloys  containing  small  particles.  Their  model  of  a 
given  amount  of  plastic  strain  which  can  be  distributed  either 
homogeneously  or  heterogeneously  within  e  crystal  volume  Is  shown  In 
figure  1.17.  rig.  1.17(e)  defines  the  macroscopic  sheer  strain  f,  and 
figs.  1.17(b),  (e)  and  (d)  Illustrate  three  ways  In  which  different 

slip  distributions  can  provide  g.  figs.  1.17(b)  and  (e)  depict  the 
extreme  examples  of  heterogeneous  end  homogeneous  ellp  distributions, 
respectively.  In  fig.  1.17(d)  the  shear  strain  Is  provided  by 
localised  slip  In  s  bend  of  width  B  with  the  slip  bend  spacing  being 
A.  This  distribution  corresponds  to  e  situation  Intermediate  between 
figures  1.17(b)  end  (c)  In  terms  of  slip  heterogeneity. 

Hornbogen  and  Zum  la hr  (1973)  list  several  mlcro-etructurel 
features  that  ere  expected  to  effect  strain  distribution.  Coarse  slip 
Is  favoured  by: 

l  low  stacking  fault  energy 
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2  ihcirtd  precipitate  particlaa 

3  abort  range  order 

*  radiation  damage  and  hole* 

3  few  slip  systems  operating 
b  emterary  dislocations 

7  large  grsln  size 

Fine  slip  la  favoured  by: 

1  high  stacking  fault  energy 

2  by-passed  particles 

3  dislocation  foreet 

*  dislocation  climb 

3  many  slip  systems  operating 
6  small  grain  sice 

lattln  and  Edwards  (1980)  discussed  slip  distribution  In  particle 
hardened  alloys.  Above  a  certain  critical  particle  diameter  dc< 
dislocation-particle  Interactions  will  form  Or ova n  loops.  On  further 
straining  dislocation  debris  accumulates  around  the  particle,  the  slip 
plane  work  hardens,  and  other  slip  planes  become  active,  thus  causing 
mere  homogeneous  slip.  When  the  average  particle  diameter  Is  less  than 

*e  t\i  particles  are  sheared.  The  first  dislocation  cutting  such  a 
particle  causes  It  to  shear  by  an  amount  equal  to  the  twrgers  vector 
so  that  the  effective  cross-section  of  the  particle  Is  reduced. 
Subsequent  dislocations  from  the  same  source  mill  encounter  an 
effectively  eefter  particle,  which  Is  again  sheared;  the  slip  plane  la 
thus  progressively  softened.  Slip  distribution  in  this  type  of  crystal 
tends  to  be  heterogeneous  because  there  la  less  tendency  to  activate 
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«ddltlon«i  slip  pianos. 

Tti«  shear  field  stress,  of  (  crystal  containing  a  solus* 
fraction  f  of  particles  of  dlasetsr  d  which  are  sheared  hr  tha 
dlslocatlcns  at  field  Is  usually  given  ‘Martin,  1990)  by  an  equation 
of  the  fore 

Tv-  Cfl/*<*'*  (l.*6) 

where  C  Is  a  constant  whose  value  depends  upon  the  hardening  aechanlsn 
being  considered.  If  a  dislocations  of  Burgers  vector  b  shear  a  given 
particle,  assuntng  for  simplicity  that  the  particles  are  sheared 
across  a  disaster,  then  the  stress  for  further  shear  becoaes 

ty-  Cf‘"(d-ob)*"  (l-*7) 

The  tendercy  to  produce  heterogeneous  slip  will  be  ssre 
pronounced  the  sore  r  decreases  by  the  passage  of  one  dislocation, 
i.e. 

dt  -  -bCf * ,l  (l.M) 
dn  2d‘,a(l- nb/d)1'* 

This  expression  Indicates  that  the  tendency  for  coarse  slip  la  sore 
pronounced  the  higher  the  voluss  fraction  of  particles,  the  higher  the 
vain*  of  C  and  the  saallar  the  dlaaeter  of  tha  particles. 

Several  ways  to  obtain  a  sore  hosogeneous  slip  distribution  based 
on  the  above  results  are  feasible:  Overageing  an  age  hardenable  alloy 
causes  the  precipitate  particles  to  become  large  and  Incoherent.  When 
a  highly  overaged  specimen  with  a  polished  surface  la  deformed,  the 
surface  then  contains  a  large  ousber  of  ssmI 1  slip  steps  that  are 
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homogeneously  distributed.  A  disadvantage  of  this  method  of  slip 
homogenltetlon  Is  the  corresponding  decresse  In  yield  strength 
essocleted  with  overageing.  A  prefereble  method  of  slip  homogenltetlon 
uees  s  duplex  egeing  host  treetment  to  form  s  bl model  precipitate 
distribution  consisting  of  s  finely  dispersed  coherent  phase  plus  e 
distribution  of  Incoherent  particles.  The  finely  dispersed  coherent 
phase  provides  a  high  yteld  stress  while  the  Incoherent  particle* 
homogenise  the  slip  distribution.  Although  this  duplex  egeing  heat 
treatment  technique  is  not  widely  used.  It  does  suggest  yet  enother 
method  which  Is  widely  encountered  In  lndustrlel  age •herd enable 
alloys,  that  of  dlspersold  addition. 

There  ere  three  types  of  particles  present  In  aged  commercial 
beat -treatable  aluminium  alloys: 

1  Pine  coherent  or  semi -coherent  precipitate  particles  which 
arc  the  source  of  strengthening. 

2  Coarse  particles  (Datum)  called  Inclusions  that  originate 
durtng  casting  end  are  linked  to  the  Iron  Impurity  content 
of  the  alloy. 

3  Fine  Incoherent  particles  (B*0.1um)  called  dlspersolds 
which  sre  lntermetelllc  phases  arising  from  the  addition  of 
transition  elements. 

Dlspersolds  ere  empirically  added  to  these  commercial  elumlntum 
alloys  to  Inhibit  grain  growth  during  heet  treetment.  Dowling  end 
Martin  (1923)  showed  that  these  dlspersolds  promote  the  homogenltetlon 
of  slip. 

Lettering  (1974)  did  extensive  work  on  the  slip  distribution  and 
mechanical  properties  of  metallic  materials,  la  general,  he  found  that 
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tht  atchinlcil  properties  of  materials  with  Inhomogeneous  slip  ere 
rubstant tally  Inferior  to  those  of  corresponding  materials  with  s 
homogeneous  slip  distribution.  In  considering  the  mechanisms  of  crock 
nuc lest  Ion  end  propsgstion  es  e  function  of  slip  distribution, 
Lutferlng  observed  thet  In  s  materiel  with  e  homogeneous  slip 
distribution  the  fracture  mechanism  is  determined  bp  the  presence  and 
distribution  of  hard  incoherent  particles.  However,  when  slip  is 
lnhomogeneously  distributed,  crack  nucleation  is  determined  bp  the 
reectlon  of  slip  bends  with  the  test  piece  surfece,  with  other  slip 
bands,  end  with  the  grain  boundaries.  Depend  1 ng  on  the  degree  of 
inhomogenet ty  of  the  slip  distribution,  cracks  map  propagate  through 
the  matrix,  along  the  grain  boundaries,  or  along  the  slip  bands. 

Following  this  review  of  slip  distribution,  soother  factor  which 
effects  fracture  mechanisms  will  be  considered  —  the  grain  sice. 

1 . * . *  E*fect  of  Crein  Sire 

A  major  problem  in  experimentally  assessing  the  effect  of  grein 
else  on  fracture  Is  that  It  Is  rerp  difficult  to  vary  grain  site 
without  effecting  other  potentially  significant  parameters  such  ss 
yield  etrength,  width  or  total  amount  of  grain  boundary  precipitate 
free  tones,  amount  of  grain  boundary  precipitate,  end  so  on.  It  seems 
probable  thet  the  grain  sire  would  effect  ell  the  intergranular  crack 
propagation  mechanisms  shown  in  figure  1.14  (i.e.  (e),  (f),  (g)  end 
ll  >)•  Hombogen  (1171)  developed  e  model  for  the  grain  site  dependence 
of  fracture  towghnees  of  precipitate  hardened  alloys  for  Instances 
where  plastic  deformation  Is  confined  to  small  planar  portions  (such 
es  the  precipitate  free  tone  or  planar  slip  bonds),  ty  assuming  a 


local  critical  atralo  for  crack  propagation,  Hornbogen  arrived  at  the 
ralatloa 


he  -  W-*,J  0*4»> 

where  a  is  a  constant  and  d  la  the  grain  else.  Thle  reciprocal  square 
root  relatloeahlp  was  found  to  he  reasonably  well  obeerved  for  a 
precipitation  hardened  7075  aluminium  alloy. 

Since  ductility  Measured  la  a  tensile  test  and  fracture  toughness 
often  show  the  sane  trends,  and  since  tensile  ductility  exhibits  a  1/d 

dependence,  tj£  increase  with  decreasing  grain  Bias  (Schwalbe, 

1977).  Thompson  and  Zlnkhan  (1975)  found  this  effect  on  plane  stress 

fracture  toughness  data  on  overaged  7000  series  alunlnlun  alloys  with 
various  grain  sixes  (see  figure  l.lt).  For  Intergranular  fracture 
along  a  precipitate  free  cone  (FFZ),  the  grain  slxe  effect  can  be 
explained  by  the  Increase  in  volume  fraction  of  FFZ  with  decreasing 
grain  alts,  thus  decreasing  the  average  local  strain  In  the  FFZ.  In 
he  ease  of  slip  plane  decohesion  (figure  1.14(h)),  the  grain  slxe 
controls  the  number  of  dislocations  on  the  slip  plane;  here  a  smaller 
grain  slxe  naans  a  less  severe  slip  plane/sllp  plane  interaction. 

Although  other  mlcroetructural  features  can  affect  fracture 
mechanisms,  we  will  now  focus  on  the  region  where  these 

mlcroetructural  features  are  important  -  the  crack  tip  plastic  t'xw. 

1.5  Crack  Ti js  Plastic  Zone 

Considerable  research  has  been  directed  at  determining  the  site 
and  shape  of  the  crack  tip  plasttc  cone.  Much  of  the  interest  In  this 
crack  tip  region  has  been  due  to  its  perceived  importance  in 
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correlating  olcroafuf tural  features  to  macroscopic  fracture  toughness 


parameters.  This  region  hao  hetoee  the  focua  of  microatmctural  node  la 
which  aeek  to  define  critical  local  fraeture  criteria,  ouch  aa  atreao 
or  strain,  1b  terms  of  the  overall  fraeture  process.  Before 
cooalderlog  experimental  net hod a  of  determining  the  crack  tig  plastic 
cone  else  and  shape.  Important  aapecto  of  street  and  strain  variation 
within  the  plastic  tone  wariest  a  review. 

1.3.1  Stresses  la  the  Plastic  Zone 

for  the  theoretical  crack  tip  stress  field  under  LEFH 
assumptions,  presented  la  Section  1.2.1,  the  r~l,i  dependence  of  near 
tip  stresses  predicts  Infinite  stresses  at  r*0.  In  engineering 
materials,  however,  these  stresses  do  not  become  Infinite  because 
plasticity  causes  stress  redlatrlb itlon. 

Boyd  (1972)  described  the  three  dimensional  stress  system  for  the 
case  of  an  edge -mot chad,  semi -Inf lntte  plate  of  finite  thickness 
subjected  to  Node  1  loading.  His  presentation  was  based  on  three 
dimensional  photoelastic  esperlmeats  by  Dixon  (1966).  The  variations 

*8  ®ni  «yy  end  oss  (shown  la  figure  1.19)  follow: 

®yy— The  stress  parallel  to  the  applied  loading  (fig.  1.19a)  la  a 
maximum  slightly  ahead  of  the  notch  root,  diminishing  rapidly  until  It 
Is  equal  to  the  applied  stress  remote  from  the  notch.  This  stress  Is 
larger  on  the  mldplane  of  the  plate  than  at  the  surface  and  la  limited 
at  the  notch  root  by  yielding  of  the  material. 

arj-The  stress  perpendicular  to  and  la  the  plane  of  the  notch 
(figure  1.19b)  Is  sero  at  the  notch  root  but  Increases  rapidly  to  a 

maximum  near  then  decreases  rapidly,  becoming  approximately 
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IS3  ajy  at  Urge  dietanree  fro*  the  notch  root,  role  atreaa  Is  elao 
largeet  on  the  mldplane. 

°at~the  atrcaa  la  the  thlckneae  direction  (figure  1.19c  and  d)  la 
tero  at  the  plate  aurfacea  hut  lncreaaea  rapidly  toward  the  mldplane, 

where  It  la  e^ual  to  In  thick  plate  hut  leaa  In  thin  plate 

fwhcrc  v  la  Polaeon'e  ratio). 

The  octahedral  ahear  atreaa  la  given  by 

'net  “  +  (ayy  ~1,t7>T  T  *°«T)r  0.»> 

3 

Thle  octahedral  ahear  atreaa  la  hlgheat  at  the  plate  eurfacea  and  at 
the  lMoedlate  notch  root  where  either  or  o(I  (or  both)  are  aero. 

Thle  euggeete  that  fracture  nechanlaoe  controlled  by  a  critical 
mrlaua  ahear  atreaa  will  occur  flret  at  theae  locatlona. 

The  am  atreaa  la  given  by 

®n  “  1(«  ♦Oj+Oj)  (1.51) 

3 

where  «( (  ^  and  are  principal  etreaeea. 

Taking  the  x,y,  and  a  axee  aa  the  principal  dlrectlooe,  it  can  be 
aeen  fro*  figure  1.15  that  oxx,  and  «|{  all  have  their  maxima  at 

the  aldplane  and  that  the  maximum  oB  vm  occur  at  none  tea  11 
dtetenee  ahead  of  the  notch  on  the  aldplane.  Boyd  (1973)  euggeete  that 
fracture  oechanlaoa  which  are  controlled  by  a  rntlaua  normal  tenelle 
atreaa  will  occur  at  a  critical  volume  dilatation  given  by 

*ve  •  l-lv(oMr*oyy*ot«)  (1.52) 

C 
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Thua  la  a  region  at  the  aldplane  a  abort  distance  from  the  Botch 
root  the  volume  dilatation  la  a  aaxlaua  and  the  octahedral  ahear 
atreaa  a  alnlaua.  Boyd  ealla  thla  region  a  decohealon  enclave  where 
fracture  aechanlaaa  that  favour  a  critical  normal  atreaa  will  operate. 
One  alght  thua  aspect  dlfferencea  In  crack  Initiation  atreaa  and 
position  for  different  crack  extension  aarhanlaaa 

Thla  eaphaala  on  atreaa  atata  reaeablea  that  of  Hackencle, 
Hancock  and  Brown  (1977)  who  Investigated  the  effect  of  atreaa  state 
on  the  effective  plastic  strain  necessary  to  Initiate  ductile 
fracture  In  high  strength  ateela.  They  used  a  nondlaenalonal  paraaecer 

’*/?  for  atreaa  crlaelailty,  where  oa  la  defined  by  equation  (1.51) 
and  7,  the  effective  stress,  la  defined  by 

«  *  -Oj  )*  ♦  ( -Oj  ) 7  +  (o^-Oj  )2  (1.53) 

2 

Using  results  froa  Bridgman  (1952)  for  atreaa  and  strain  states 
In  necked  tennlle  apeclaene,  Maekentle  et  si.  determined  the  failure 
Initiation  strain  aa  a  function  of  stress  triaxlallty  for  their 
materials.  Neat  they  used  an  analysis  by  lice  and  Johnson  (1970)  for 
the  atreaa  and  strain  distributions  In  the  region  of  a  blunting  crack 
tip;  they  could  then  Infer  that  there  la  a  critical  aaterlil  alts 
paraaeter  or  characteristic  length  over  which  e  critical  strain  must 
act  for  fracture  Initiation.  Although  a  great  aany  assumptions  and 
approxl  mat  Iona  vitiate  thla  analysis,  the  result  la  particularly 
attractive  froa  the  view  of  explaining  ductile  fracture  toughness 
values  In  terms  of  a  aierostrocturally  determined  critical  length  at 
the  craek  tip.  Bltchle,  Server  end  ihillaert  (1979)  extended  the 
results  of  Naekensle  et  si.  (1977)  to  Apply  thea  to  the  upper  shelf 
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toughneee  of  tvo  nuclear  pressure  vassal  steels.  Kltehle  at  al.  alao 
depict  ductile  fractura  aa  being  atralo  iadutti  due  to  crack  growth  by 
linking  of  volde  whan  eome  critical  atraln  la  exceeded  ahead  of  the 
crack  tip.  However,  thle  critical  atraln  auet  be  exceeded  over  a 
minimum  volume  which  la  characterlatlc  of  the  acale  of  phyelcal  eventa 
Involved  In  the  material.  Thle  they  call  the  atreae  modified  attain 
model  where  1Q*  la  the  mlcroatructurally  significant  characterlatlc 
dletance.  While  pointing  out  that  lo*  la  an  empirical  quantity, 
preaumably  related  to  mlcroatmctural  aapecta  of  fracture  Initiation, 
Kltehle  at  al.  nevertheleee  regard  the  characterlatlc  dletance  for 
ductile  fracture  aa  reflecting  the  apaclng  between  pertlclea 
nucleating  major  volda  aa  well  aa  the  critical  number  of  volde  which 
coaleace  with  the  main  crack  at  the  Initiation  of  crack  growth. 

1.3.2  Stralna  In  the  Flaatlc  Zone 

There  have  bean  varloua  attampea  to  derive  the  manner  la  which 
atraln  vartaa  with  dlatanca  r  ahaad  of  tne  crack  tip.  The  LKFM 
aaolyata  for  dlaplacemanta  to  front  of  the  crack  gives  analogous 
raaults  to  the  etreeeeo  discussed  In  Section  1.2.1  In  that  the  atraln 
In  the  J  direction  c y  proportional  to  r”*  Bwtchlneoo  flSW* 

developed  a  relationship  between  the  plastic  strain  c^,  the  distance  r 
end  the  work  hardening  exponent  K  aa 

«p  *  J_  _  (1.34) 

N 

rfTi 

r 

leva  ear,  Klee  and  Roaangran  (ltM)  uaed  the  allghtly  different 

form 


Jf 


(1.55) 
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loth  of  these  form*  reduce  to  the  LCFM  reeult  when  N  equals 
unity. 

Perhaps  a  more  realistic  analysis  was  made  by  lice  and  Johnson 
(1970)  in  their  widely  referenced  work  on  the  stress  ami  deformation 
fields  near  a  crack  tip  undergoing  large  geometry  changes  In 
elastic-plastic  materials.  They  applied  slip  line  field  theory  to  a 
progressively  blunting  crack  tip  using  a  tnitserlcal  analysts  to  obtain 
a  plot  of  the  true  strain  distribution  as  a  function  of  (l/4t).  Here  X 
represents  the  distance  of  a  material  point  in  front  of  the  crack  tip 

before  deformation,  and  <t  the  crack  tip  opening  displacement  for 
both  email  scalu  yielding  and  fully  plastic  conditions  (see  fig. 
1.21).  Although  Alee  and  Johnson  do  not  offer  the  equation  for  these 
curves,  Schwalbe  (1977)  states  that  this  strain  distribution  can  be 
appro* 1 me ted  by 

ey  -  O.AA  it  -0.23  (l.tt) 

X 

Sice  end  Johnson  use  this  derived  plastic  attain  distribution  to 
develop  a  model  for  fracture  by  ductile  void  growth  at  a  crack  tip 
where  is  the  distance  over  which  some  critical  fracture  strain 

must  bo  achieved.  They  suggest  f*  it  X#  might  be  identified  with  a 
grain  sice  or  s  mean  spacing  of  large  second-phase  Inclusions 
responsible  for  ductile  fracture. 

Prince  (1977)  studied  crack  propagation  In  Al-Ng-Sl  alloys  and 
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found  chat  they  failed  In  a  predominantly  Intergranular  manner  along 
the  grain  boundary  ffl.  Prince  and  Martin  (1979)  presented  a  model  for 
this  intergranular  crack  propagation  in  terse  of  the  slip  distribution 
and  a  critical  local  fracture  atraln  Bt  the  grain  boundary.  A 
schematic  diagram  of  the  proposed  local  plastic  strain  and  the 
macroscopic  plastic  strain  ahead  of  the  crack  is  ahown  in  figure  1.20. 
The  macroscopic  strain,  the  strain  averaged  over  distances  larger  than 
the  slip  bead  spacing,  la  shown  to  decrease  linearly  with  distance 
ahead  of  the  crack.  The  actual  rate  of  decrease  will  be  determined  by 


the  stress  field 

ehead  of  the  crack 

and 

by  the 

work  hardening 

characteristics 

of 

the  material.  The 

local 

strain 

la  shown  to 

fluctuate  around 

thf 

macroscopic  strain 

cn  by 

an  amount  proportional 

to  the  slip  bend  spacing  and  the  macroscopic  strain  such  that 

*1  -  k'dAbtn  (1*57) 

where  k,  la  a  constant,  d  la  the  grain  alee  mod  4^  (B  c^e  «tan  planar 
spacing  of  dlspersolds,  a  spacing  proportional  to  the  slip  band 
spacing.  If  the  critical  local  fracture  strain  ia  constant,  eq. 
(1.97)  can  be  used  to  show  that  as  4^  reduced  by  Increasing  the 
volume  fraction  of  dlspersolds  the  macroscopic  atraln  ct  Wlt 
necessarily  increase  to  artaln  the  critical  local  plastic  atraln.  In 
other  words,  the  dlspersolds  homogenise  the  slip  distribution  ao  that 
a  higher  strain  must  be  applied  to  achieve  a  given  local  strain. 

The  models  that  seek  to  relste  microstructure  to  fracture 
toughness  rely  on  the  analytical  results  fer  stresses,  strains  and 
plan  tie  some  dimensions  previously  discussed,  therefore  much 
experimental  work  has  been  dome  In  attempts  to  verify  the  analytical 
results . 
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1.3.3  Experimental  determination  of  Plastic  Zone  Site 


It  la  difficult  to  compare  experimental  dcttrtlnition*  of  crack 
tip  plastic  cone  site  because  of  the  vide  range  of  techniques  used  and 
the  easy  experimental  variables  Involved.  A  list  of  references 
Including  technique,  asterlal  and  type  xone  measured  (plane  stress  or 
plane  strain)  Is  given  In  Table  1.1. 

Many  techniques,  such  as  stereo-imaging,  photoelectron 
microscopy,  grids,  brittle  lacquer,  etc.,  muat  be  employed  on  a  free 
surface.  Although  potentially  useful  when  comparing  plastic  tones  In 
plane  stress  conditions,  these  techniques  are  not  applicable  to  plane 
strain,  an  area  of  considerably  more  Interest  with  regard  to  fracture 
criteria.  Further,  th*  feu  techniques  that  are  applicable  to  plane 
strain  conditions  are  usually  severely  Halted  In  some  vsy. 

To  meeeure  plane  strain  plastic  tones.  It  Is  necessary  to  test  s 
apeclaer  thick  enough  to  obtain  plane  strain  constraint  on  the 
midplane  and  then  to  section  the  specimen  to  expose  the  plane 
perpendicular  to  the  crack.  Rahn,  Roaglsnd  and  Rosenfleld  (197?)  used 
Pry's  reagsat  to  etch  the  plastic  xone  In  leu  carbon  atael,  but  this 
technique  la  only  applicable  to  this  type  of  material, 
kecrya talll sat  Ion  (Shojl,  197b)  and  precipitation  on  dislocations 
(Clavel  et  al.,  1973)  are  also  limited  to  a  small  range  of  materials. 
Transmission  electron  microscopy  can  be  used  to  measure  dislocation 
density  at  precise  points  around  a  crack  tip,  but  this  method  la  very 
time  consuming  and  requlrea  destruction  of  the  specimen.  X-ray 
mlcrobeaa  techniques  have  limited  sensitivity  due  to  a  several  hundred 
micros  thickness  probe  alee.  Hlcrohardneea  teats  also  have  limited 
sensitivity  sad  are  suitable  only  for  materials  that  strongly  work 
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harden  or  work  soften. 
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Prince  (1977)  effectively  used  electron  channe’ltng  Wtremi 
(ECPs)  described  by  Stickler  end  booker  (1971),  a  technique  also 
successfully  employed  by  other  Investigators  (Davidson  and  Lyle,  1975; 
Davidson  and  Lankford,  1974;  Lankford  and  Davidson,  1974;  Davidson  et 
al.,  1974).  The  theory  of  the  resulting  ECP  has  been  given  elsewhere 
(Spencer,  1974).  The  Method  will  be  covered  in  More  detail  in  Chapter 
2.  However,  briefly,  the  procedure  Involves  rocking  the  collimated 
electron  beaa  in  the  scanning  electron  microscope  (Stt)  about  a  point 
(~  10ua  diameter)  on  the  specimen  surface.  The  ECP  is  a  pattern  of 
lines  that  results  from  the  Interaction  of  the  collimated  bean  and  the 
crystal  structure.  Since  the  quality  of  the  ECP  depends  on  the 
perfection  of  the  crystal  lattice,  deformation  causes  systematic 
degradation  in  the  resulting  ECP.  The  crack  tip  plastic  tone  sice  is 
determined  by  examining  numerous  small  volumrs  of  material  with  the 
electron  bean.  The  strain  in  each  resulting  ECP  can  then  be  derived  by 
comparison  with  ECPs  from  a  calibration  specimen.  Some  advantages  of 
the  ECP  method  of  plastic  cone  measurement  are. 

1  Information  comes  from  a  small  interaction  volume  of  material 
which  depends  on  the  area  of  the  electron  beam  on  the  specimen 
surface  and  the  accelerating  voltage.  This  area  can  be  kept 
quite  small,  as  shown  by  Joy  and  hewbury  (1972)  wtw  obtained  a 
selected  area  of  lwn  diameter. 

2  The  specimen  is  not  destroyed  Therefore,  repeat  measurements 
can  be  made  to  verify  results. 

1  Sensitivity  is  fairly  good  since  relatively  small  strains  cause 
detectable  deterioration  of  the  ECP.  In  theory,  ICf  line  widths 
can  be  eomp»~»d  to  those  from  tensile  specimens  at  knowr 
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•train*.  Stickler  «rxj  looker  (1971)  obtained  a  good  correlation 
between  line  width  and  attain  over  the  range  0.03  to  0.20 
tenallc  strain. 

*  The  net Sod  la  applicable  to  plane  atraln  plaatlc  tone 
measurements  and  can  be  need  on  anjr  crystalline  material  that 
will  glee  good  quality  channelling  patterns,  e.g.  nickel, 
aluminium,  copper,  lead,  allleon  and  low  carbon  and  stainless 
steel. 

There  are  also  sons  limitations  on  the  method:  The  dislocation 
density  In  the  undeformed  material  around  the  plastic  rone  must  be  low 
enough  for  a  good  quality  ECF.  Further,  the  grain  site  should  be 
larger  than  the  selected  area  alee  so  the  entire  ECF  can  be  obtained 
from  a  single  grain.  Finally,  the  material  must  be  receptive  to 
electropollshlng.  Despite  these  restrictions,  the  ECF  method  of 
plastic  rone  measurement  has  proved  effective  and  has  been  shown 
(Davidson  et  al.,  1976)  to  correlate  well  with  other  techniques. 

The  crack  tip  plastic  rone  has  been  the  focus  of  much  of  the 
preceding  discussion  because  It  promises  tn  pTovlde  a  measurable  link 
between  mscroscoptc  fracture  mechanics  parameters  and  mlcroatmetursl 
models.  With  this  discussion  as  background.  the  approach  taken  to 
relate  these  can  now  be  outlined. 


Table  l.l 
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Reference 

tteasurenent 

Technique 

Stats  of 
Stress 

Material 

lethal*  (If 77) 

■lerohardness 

Fc 

316  stainless 

lethal*  A  ftlloui  (lf73) 

alcr**  hardness 

Fc 

16-13  stainless 

tester  A  Rout*  (1R7A) 

pho tost  inula ted 
exoelectron 

•nlaeion 

Fo 

101R  steel 
1063  steel 

Chanant  (It7.) 

optical 

lnt*rf*r*nr* 

Fo 

202A-T3  Al 
202A-T8  Al 
7073-T6  Al 

C level  *t  el.  (It73) 

•t chine 

Fo,  Fc 

IJtCO  7lt 

Davidson  A  Lankford 

*CF. 

Fo 

6061-T6  Al 

(lt76) 

replication 

F*-3S1 

30A  stainless 

Davidson  *t  el.  (If76) 

KCF 

Fo 

low  carbon  steel 

Sehn  #t  el.  (If72) 

etching 

Fo,  Fc, 

Fe-3S! 

IlM  (It?*) 

recryst alii  rat  ion 

Fc 

30A  stainless 

ltuel  A  Fin*  (It7t) 

foil  strain 

gauges 

Fo 

A1-6.3XC* 
7073-T76  Al 
7030-T4  Al 
202A-TA  Al 
221t-Tf61  Al 
221t-OA  Al 

iwu*  A  fin*  (lt*0) 

foil  strain 

ga  *«» 

Fo 

HA*7  (Al) 

Liatler*  (lf7A) 

xm 

Fo 

ADTCN,  ACS  (Al) 

Liu  A  too  (lt*t) 

grid 

Fo 

202A-T3  Al 

F«tlt  «t  el.  (If77) 

atcrohardness, 

Fo 

ADA  (Al) 

slip  lines 

Fo 

AO*  (Al) 

F*ttit  A  Moeppner  ( If 73) 

leaf* 

distortion 

Fo 

7073-T6  Al 

Fines*  A  Fallens  (lf7A) 

nlcrnhardness 

Fc 

f«-3*m 

*3 
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Purcell  4  Weer’aan  (1974) 

alcrohardneaa 

Pc 

copper 

Saxtot  4  Astolovlch  (1979) 

alerohardneee 

Pc 

copper 

Cw-2.2A1 
Cu-4. 2A1 
Ce-4. )A1 

Tachegg  et  al.  (1990) 

IMS 

Po 

alio  ateel 

r eery at al 1 1  tat  Ion 

olid  ateel 

Wllklna  4  Smith  (1970) 

TEH 

Pc 

Al-l/2Mg 

Tokohorl  et  al.  (1973) 

ellpllnee 

Po 

low  carbon  ateel 

l .  4  The  frtimt  Work 

Ai  prtvloui  eectlone  hove  pointed  out,  a  great  deal  of 
uncertainty  exleta  aa  to  tfie  preclae  nanner  In  which  ale roe tract oral 
vartablce  affect  amcroecoplc  fracture  peranetera.  !n  particular,  the 
crack  tip  pleatle  proceaaea  and  their  role  In  determining  toughneee 
are  unclear.  Although  large  partlclea  or  tacluatona  nay  aeen  to  he 
generally  detrlaurntal  to  fracture  toughneee  (Hahn  and  toaenfteld, 
1173),  dlepereotde  uere  ehowa  to  Increaee  toughneaa  In  Al-Mg-Jl  alloya 
(Dwnwoody  et  al.,  1973)  and  to  change  the  fracture  node  from  aatnly 
Intergranular  to  at  leaet  partly  tranegranwlar . 

Previous  work  at  Oxford  Dntveralty  (Dowling,  1973;  Prince,  1977 
and  gdwarda,  1991)  laveetlgated  the  influence  of  Hn-beartng  dtaperaotd 
partlclea  on  the  behaviour  of  Al  Mg -St  alloya.  Pwbllehed  work  lncludea 
Dowling  and  Martin  (1979)  oa  allp  dietrlbut Ion,  Dowling  and  Martin 
(1977)  oa  tenatle  fracture  proceaaea.  Prince  and  Martin  (1977,  1979) 
oa  aonoteatc  crack  propagation,  and  Edwarde  and  Martin  (1991)  on 
fatigue  erack  propagation.  The  preeent  work  la  propoeed  to  eatead 
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these  previous  studies  sad  to  establish  (Quantitatively  and 
unambiguously  the  role  of  alcroetructure  In  determining  fracture 
toughness  of  these  alloys. 

1.4.1  The  Alumlnlum^Hagneslum-Sl licon  System 

The  alloy  used  In  the  present  work  has  the  basic  composition 
Al-0.4ZHg-1.0XSl  This  is  a  commercial  alloy  with  a  good  combination 
of  strength,  corrosion  resistance,  extrudablllty  and  weldability. 
Edwards  (1ft!)  gave  an  excellent  review  of  work  done  on  this  system 
which  la  summarised  here.  The  composition  of  this  alloy  was  arrived  at 
empirically  (Allala  and  Hereher,  lf72)  and  differs  from  pseudo-binary 
AI-Hgg  SI  In  that  It  contains  an  excess  of  silicon.  This  excess 
silicon  goes  Into  solution  and  has  the  effect  of  raising  the  solution 
terxperature  of  the  Ng}Sl  ,-hase  As  the  silicon  content  Is  increased 
the  alloy  has  a  higher  solute  superssturatlon  after  quenching.  Thus 
the  volume  fraction  of  the  ageing  precipitate  Is  Increased  leading  to 
a  liner  ageing  structure.  Some  of  the  excess  silicon  Is  also  taken  up 
In  the  Intermetal  11c  manganese-bearing  phase. 

The  alloy  ageing  characteristics  were  discussed  by  Dowling 
(lf75).  briefly,  the  alloy  is  homogenized,  quenched  and  aged  to 
produce  a  marked  increase  in  yield  strength.  CT  t ones  cause  the 
hardening  when  the  ageing  la  at  lew  temperatures  while  needle-shaped 
HggSt  precipitates  form  at  higher  temperatures.  The  ageing  process  Is 
sena'tlve  to  the  time  of  holding  at  room  temperature  after  quenching. 
Vacancy  clusters  sre  formed  rapidly  at  room  temperature  after 
quenching,  and  since  these  clusters  provide  nuclei  for  precipitation 
at  higher  temperatures  It  la  necessary  to  control  carefully  the  hold 
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time  bitvttii  quenching  end  ageing. 

As  discussed  by  Dowling  (1973)  aoa*  controversy  exists  over  the 
exact  atrurtur*  of  the  Cf  tone  hardening  phaaa  (g").  Thoaaa  (1961) 
suggests  that  it  ta  a  FOC  super lattice  while  Jacoba  (1972)  and  VaM 
and  Von  Hetmendahl  (1974)  auggaat  hexagonal  and  monorllntc  atructuraa 
respectively. 

Lika  aoat  aga  hardening  ayatana ,  tha  praaant  alloy  dlaplaya 
praclpltata  fraa  a one a  (ffl)  at  tha  grain  houndartaa  and  grain 
boundary  praclpltataa  In  tha  agad  condition.  Thai r  alxaa  depend  upon 
homogenising  temperature,  quenching  condltlona  and  agatng  tine  and 
tenperature.  Tha  grain  boundary  praclpltataa  are  believed  to  be 
sl’lcon  'Thome a,  1961). 

In  commercial  aluwlnlu*  alloys,  manganeaa  la  added  aa  a  grain 
refiner  and  to  reduce  the  auaceptlblllty  to  Intergranular 
embrittlement  (Harrla  and  Varley,  1933;  Allala  and  Marcher,  1972). 
Iron  la  aluo  praaant  aa  an  tmpurlty.  Iron  forme  coarea  aecond  phaaa 
part  Idea  which  arc  generally  regarded  aa  harmful  (Kahn  and 
Roaenfteld,  1973).  However,  It  ta  uaually  uneconomic  to  reduce  the 
tree  level  bslow  about  0.  l-0.3wtX.  Manganeaa  ha  a  the  added  advantage 
of  changing  tha  morphology  of  tha  Iron  bearing  phaaa  from  the 
relatively  harmful  plataa  of  e-(faSl)Al  to  the  laaa  harmful  aerlpt 
morphology  (Chadwick  at  al.,  1933). 

Upon  'earing  and  rapid  eoltdlf teat  ton  of  an  Al-Mg-SI  -ha  alloy, 
moat  of  tha  Mg,  St  and  Hn  la  retained  In  euperaaturated  aolld 
eolation.  In  lndwetrtal  practice,  the  alloy  la  then  homogenised, 
(hiring  the  homogenisation  heat  treatment,  the  magnesium  and  allteen 
are  homogeneously  redistributed,  but  the  manganese  Is  precipitated  out 
of  solution  to  form  the  rod -a  ha  pad  lntermetalllc  rAl ,  ^  Mn^SI  phase 
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(dt«p«rioUi).  These  dlspers'>lds  praclpttate  quickly  but  eoatiiA 
slowly  m  that  th«lr  final  alee  of  about  0. 1  «i«  la  reasonably  cooatant 
regardless  of  subsequent  heat  treatment.  The  dlapersolde  etnnot  ba 
redissolved  bacauae  of  tha  lev  aolUvi  (Dowling,  197)).  11  or*  the 
alloy  *u  at  ba  homogenlted  to  raaoaa  tha  caat  structure,  tha 
dlspereolds  Inevitably  far*  than.  Toward  tha  and  of  homogenlratlon, 
tha  dlspereolds  undergo  Oatwald  ripening,  aod  thalr  alt*  aartaa  aa  tha 
Cuba  root  of  time  (Dowling,  197)).  Thwa  algnlflcant  growth  would 
require  very  long  hoMogan leaf  ton  tinea. 

1.6.2  fractur*  Machanlaua  la  AJ  -Hg-S 1  Alloya 

Details  of  tha  fracture  Mechanises  la  A1 -Mg -51  alloya  haaa  baan 
under  atwdy  for  a  ounbar  of  yeare.  Chadwick  at  al.  (19)1)  looked  at 
tha  addition  of  Te,  No  and  Cr  to  the  haele  alloy  and  found  that  all 
three  lnereaoed  tha  atrangth  of  the  alloy.  They  found  that  tha  alloya 
without  Hn  and  Cr  war*  brittle  and  fractured  Intergranularly  while 
onea  with  Nn  and  Cr  ware  etronger,  nor*  ductile  and  fractured 
tranagranularly.  Tha  rather  tentative  cencloaton  waa  that  tha 
Intergranular  fracture  waa  cauaad  by  tha  lev  atrangth  of  tha  grain 
boundary  precipitates.  Tha  Implication  waa  that  Hn  and  Cr  reduced  tha 
amount  of  precipitation  at  tha  grain  boundary  and  thwa  aupraaaad  tha 
tendency  for  Intergranular  fracture.  At  the  sao*  time  Harrla  and 
Varlay  (19)3)  vara  varying  tha  Mg  and  Sf  contanta  of  tha  alloy  which 
alao  contained  about  0.117a.  They  concluded  that  atcaaa  all  Iron  waa 
nacaaaary  for  brlttlaoaaa  and  that  tha  low  energy  Intergranular 
fracture  path  waa  due  to  tha  preferential  grata  boundary  precipitation 
of  either  free  atlteon  or  Tlgi*!  to  fern  a  continuous  grain  boundary 
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flis.  beneficial  effect*  of  and  chrontuo  war#  attributed  to 
their  Inhibiting  preferential  gratn  boundary  precipitation  although 
the  preclae  aochanteo  of  thin  inhibition  la  unclear. 


JXmvoody ,  Hoore  and  Thoaua  (19?))  alao  found  that  the  bealc  alloy 
Al-0.6XMg-l .OXSt  had  eery  lov  toughneaa  and  failed  intergranularly.  ly 
adding  Nn  or  F*  they  lncreaaed  the  toughneaa  by  a  large  anount  fHn 
only)  or  by  a  anal  1  anount  (F*  only).  Adding  Nn  and  Fe  together  gaee 
toughneaa  loner  than  for  Nn  only  but  better  than  the  beeic  alloy  or 
for  Fe  only.  They  concluded  that  the  reetatance  to  crack  propagation 
of  A1  -Hg-St  la  lncreaaed  by  Incoherent  parttclee  due  to  Fe  and  Nn.  The 
toughneaa  tnereaae  wan  aeconpanted  by  a  change  in  fracture  node  f roe 
aatnly  intergranular  to  at  leaat  partly  tranagranular .  The  noet 
effective  partlclea  were  the  fine  onea  of  0.0)  to  0.23im  dlaneter 
fdlaperaoida)  forned  during  honogenitatlon  and  hot  working  of  the  caat 
ingot.  Incluelon*  (>  l.Ovn)  were  conaldered  detrlnental  to 
but  uly  when  fine  partlclea  were  preaent. 

Dowling  and  Nartin  (1976)  and  (1977)  lnveatlgated  the  eifert  of 
Nn -bearing  diaperaoida  on  allp  dlatrlbutlen  and  tenalle  fracture 
proceoaea.  Ac  regard*  allp  diatribut toe,  Dowling  and  Nartin  (1976) 
found  that  Nn  diaperaoida  cauaed  lateral  apreadlng  of  the  allp  henda 
and  thua  gave  analler  atreaa  conrentrat Iona  at  the  head  of  the  allp 
band.  The  atreaa  concentration*  were  alee  reduced  by  the  analler  grain 
alee  of  dlaperaold  containing  alleya.  The**  two  effect*  then  ouppraaa 
Intergranular  fracture  at  low  atratn*  becauae  the  atreaa 
concentration*  are  too  onall  to  caoae  decoheaion  at  the  grain  boundary 
precipitate*.  Ae  regard*  tenalle  proceaaea,  Dowling  and  Nartin  (1977) 
atodled  the  baalc  alloy  (Al-0.6tNg~l.0XSt)  containing  approclaately 
OX,  0.21,  and  O.AJNn  Theae  will  be  referred  to  a*  alloy*  1,  2  and  6 
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consistent  with  the  no— nclature  of  frlncs  (1977).  Dowling  tod  Hsrtln 
found  that  alloy  1  fsllsd  tntergrsnularly  but  the  lntsrgrsnulsr 
fraeture  surfsess  —re  covered  with  fine  dimples  of  0.)  -  l.Oum 
die— ter.  This  corresponds  to  the  average  spacing  of  the  grain 
boundary  precipitates,  suggesting  these  as  nueleetlon  sites  for  the 
grain  boundary  voids.  Schwelllryer  (1980)  has  suggested,  however,  that 
failure  by  mtcrovotd  eoaleacence  along  the  FFZ  In  Al-Mg-Si  alloys  — y 
nucleate  ho— geneously  by  void  format  Ion  In  the  dielocatlon 
substructure. 

Dowling  (1975)  found  that  alloys  2  end  *  fractured  In  a  ductile 
— nner  In  tenalle  testa  with  voids  forming  at  coarse  particles  In  the 
— trie.  In  alloy  2  these  voids  grew  In  directions  15®  to  the  tanslle 
axis,  and  catastrophic  failure  occurred  leaving  85°  shear  fracture 
surfaces.  In  alloy  4,  the  higher  volume  fraction  of  dlspereolde 
suppressed  the  45°  propagation,  and  the  stress  Increased  until  voids 
for— d  et  the  dlspersolds.  failure  then  occurred  by  the  coalescence  of 
these  s— 11  voids. 

frtnee  (1977)  tool  a  slightly  different  view.  Re  fait  that  ell 
three  alloys  felled  In  e  predominantly  Intergranular  —nner.  Re  found 
that  velds  did  open  up  at  coarse  particles  ahead  of  e  creek  tip,  but 
these  —re  on  nr  very  — ar  grain  boundaries  end  thus  creek  propagation 
occurred  along  the  grain  boundary,  frtnee  — asured  the  sice  of  creek 
tip  plastic  aones  after  creek  propagation,  ualng  selected  area 
channelling  patterns.  The  reeults  shewed  that  lncreealng  volume 
fractions  of  dlspersolds  Increased  the  propagated  creek  plsstlc  tone 
site  and  also  Increased  towfhne as.  frlnee  proposed  a  model  for 
fracture  based  on  a  critical  local  atrefn  that  a— t  be  echla— d  at  the 
head  of  e  ally  band  to  causa  an  Inert— nt  of  crack  propagation. 
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Accord t rtf  to  the  Mne«  model  (ttfimd  In  Sect.  1.5.2)  dlsperaolda 
homogenise  the  slip  distribution  ao  that  a  higher  macroscopic  atraln 
auat  ha  applied  to  ac  n  i  given  local  atraln.  Lohne  and  Raesa 
(1979)  agree  with  a one  aapecta  of  thla  model,  e.g.  fracture  Initiation 
doe  to  a  critical  atraln  In  the  PPZ.  However,  they  feel  that  grain 
alee  la  the  doalnant  factor  and  that  the  effect  of  dtaperaolda  la 
primarily  to  produce  finer  gratae. 

Edvards  (1991)  examined  fatigue  life  and  fatigue  crack 
preparation  rates  of  theee  allojra.  The  fatigue  life  waa  found  to 
lncreaae  with  the  voluae  fraction  of  dtaperaoid.  Alao,  fatigue  crack 
growth  rate  decreaaed  aa  the  volune  fraction  of  dlaperaold  increased 
for  low  and  Intermediate  values  ot  AK,  the  cyclic  stress  Intensity 
factor.  However,  at  high  AK  and  high  aanunta  of  dlaperaold,  void 
formation  at  coarsw  particles  tended  to  outweigh  the  beneficial  effect 
of  dlsperaolda.  The  Intergranular  fracture  node  waa  dependent  on  the 
aaxtaun  stress  Intensity  In  the  fatigue  cycle  with  the  mlcrooechanlsas 
Identified  aa  nlcrovold  coalescence  along  the  grain  boundary  FTZ . 
Edwards  extended  a  senl-cohesl ve  tone  model  originally  used  bv  Moody 
end  Gerberlch  (I9f0)  to  explain  the  mlcroneehsnissM  of  fatigue  crack 
propagation.  The  Edvards  model  predicts  that  fatigue  crack  growth 
rates  at  Intermediate  AK  are  controlled  by  E^.  The  corresponding 
lowering  of  fatigue  crack  growth  rates  by  dlsperaolda  reflects  a 
decrease  In  the  degree  of  Intergranular  fracture  due  to  homogenisation 
of  slip  by  the  dlaperaold  particles. 
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1.4.3  Object  of  the  Present  Work 


The  overall  objective  of  this  Investigation  ia  to  elucidate  the 
role  of  atlc  root  rue  ture  on  fracture  toughneaa  and  the  micromerhanlsas 
of  crack  extension  In  Al-Hg-Si  alloys.  The  specific  ala  la  to 
determine  the  effect  of  varying  the  volume  fraction  of  Mn-bearlng 
dispersoids  on  ductile  fracture  toughness  criteria,  response  to 
trlaxlal  stress  atatea  and  crack  tip  plastic  cone  sires  up  to  the 
lnataat  of  crack  extension.  Ultlaately,  the  ala  la  to  Incorporate  the 
effects  of  these  variables  on  the  crack  extension  aechanlaas  Into  a 
model  which  explalna  tne  role  of  dlaperaolda  In  determining  the 
fracture  toughneaa  of  theae  alloya. 


S3 


ftturt  1.1 


Coordinate  ayatea  for  equilibria*  and  co*j*atlbllity 

equa  t  Iona . 


fljurt  1.2 


Hodea  of  crack  loading. 


1.3 

Mode  I  crack  under  biaxial  atraaa. 


Figure  1.4 

Flrat  aatlaMtc  of  crack  tip  plaatlc  too*  ale*. 

Figure  1.5 

Soroad  titlaitt  of  crack  tip  plaatlc  too*  alt* 


fltaft  1.4 


3ugdil«  wdtl  for  crack  tip  plastic  ton*  ala*. 


figure  1.7 


Relationship  between  plane  atreaa  and  plane  strain  pleat! 
aonea  using  eon  Uses  yield  criterion  (after  iroek,  1971) 


figere  1.1 


Effect  of  epeelaen  thickness  on  plastic  cone  shape 


flfttfi  l.f 


Graphical  raprcacntat Ion  of  th«  onargy  crltarlon 


rigor*  i.»o 


Variation  of  tooghnoaa  with  opoelaan  thlrknooa 


fitut«  i-n 

Definition  of  -/-Integral. 

W  -  strain  energy  Penalty  *  jo  4c 
T  *  traction  wrtor  perpendicular  to  the  Un* 
u  •  displacement  In  th*  X  direction 
4a  •  an  iltwnt  of  the  line 
r  "  the  closed  contour  fol lowed  eownterelockwlsa 

Figure  1.13 

Schama  Me  of  J  eeraua  A*  roalatancc  line. 


type  a  of  nleroatrweture  of  netallic  nateriala  (oftor 
Schwalbe,  1*77). 

a)  Single  nhaae,  polycrvatal line  notarial. 

k)  TVo  phaaa  natarlal,  I  In  a. 

c)  No  phaaa  notarial,  8  In  a  with  approximately 
equal  votua*  content. 

8)  Sac  on  a  phaaa  partlclee  along  the  grain  bowt»4ariea 
of  the  flrat  phaaa. 

e)  Centlauowe  network  of  the  aecona  phaaa  along  the 
grain  howodartee  of  the  flrat  phaaa. 


Figure  1.14 

Crack  propagation  aerhanltaa  (aftar  Schwa lbe,  1977). 

a)  Cleavage  crack  propagation. 

k)  Maple  fracture  due  to  coaraa  partlcica. 

c)  Maple  fracture  Ait  to  fine  particlea. 

4)  Maple  fracture  due  to  coarae  and  fine  particlea. 

e)  Intergranular  crack  propagation  due  to  gratn 

boundary  precipitates. 

f)  Intergranular  crack  propagation  due  to  a  hard 

phase  grain  boundary  fila. 

g)  Intergranular  crack  propagation  due  to  a  soft 

grain  boundary  fila. 

h)  Crack  propagation  by  slip  plane/slip  plane 
interaction. 

i)  Crack  propagation  by  slip  plane/grain  boundary 
interaction. 

j)  Crack  propagation  solely  by  plastic  blunting. 


Flgora  1.1S 

Buttilt  crack  propagation  by  staple  formation  (aftat 
Schoalfca,  1*77). 


figure  1.1* 

Fract*.-'#  twtghMM  of  toac  aluotnluo  alloy*  varaua  *#luae 
fraction  of  Inclwatona  (aftor  Schvalfco,  1977). 


Geometric  poaelbt llttea  for  pintle  defamation  In  one  allp 
avatew  A  •  (pacing  between  allp  atepa;  R  “  height  of  allp 
atepa;  a  ■  angle  between  allp  plane  and  cryatal  aurface;  1  " 
thlrkneaa  of  a  allp  band  (after  Hombogen  and  Zuw  Cahr, 

1975). 


Figure  1.18 

Effect  of  thlekneaa  on  af  ov»rag*d  7000  aerlea  allove 
with  varloua  grain  alcea  (after  Thonpaon  and  Zlnkhaw,  1975). 


I 


rime*  I.  It 


SctMMtle  *f  aerie*  lea  ia  eraeh  ti*  with  feeltl* 


(after  fcfl,  It72). 


<>  «««  ft rtui  (hickM*t  far  thin  aaf  thick  ^l#ta« 


rigor*  v.70 

FrlKt  v4«I  for  tHa  nrtttlM  of  nacrooroptc  local 
•trolo  m  o  fooctlon  of  41otooca  «hotf  of  o  crock  tip  for 
(a)  ao  alloy  containing  ft*  IttportoUt  on 4  (b)  on  alloy 
co«tilRla|  iMy  41aporaot4a.  both  alloyo  achieve  the  a  on* 
ana lawn  local  atrain  at  the  crack  tip  hot  with  41ffaroat 
4egr*  •  of  ancrooeoyic  atrain  (fro*  ft Inc*  on4  Martin, 


flgwro  1.11 

Tmo  otroln  on  tho  lino  ahno4  of  a  bloating  crack  tip  ao  a 
fooctlon  of  41otooca  X  of  a  notarial  point  fron  tho  tip 
haforo  4ofomat loo  41*14o4  by  tho  crack  opening  41aplaeonont 
4  (fron  klco  an4  Johnaon,  1970). 


MACROSCQPC  STRAW 
-  LOCAL  STRAW 


OwyUf  2 

NATltULS  AMO  tmitWIinrAL  fOCtWIJM 

2.1  HiurliU 

NfUrlilt  m2  tlwlr  (Mljrili  Mr*  n^ll*4  hy 

Nturi.  Alcan  latirMtlwul  U4{  eiaynltltw  arc  |1m«  la  Tahla  2.1. 
The  al lay a  arc  haaaA  aa  the  roaverelal  allay  Al-C.iBig-l .01*1-0. 4  XNn . 
Allay  KT,  a  High  parity  ternary  allay,  Hae  aagnaelaa  and  alllean 
eaataaca  ahleh  ara  tha  mm  aa  tha  caaaarctal  allay.  Tha  allaya  ML,  Ml 
m2  m  arc  all  gaateraary  allaya  eaatalal^  laa  (0.2vtl),  m21m 
(V.AwtS)  a«i  high  (Q.Wtl)  aaagaaaaa  reepect  teely .  Vlaea  tha  prlaary 
objective  2ayaMla  agaa  a  Aataralaatlaa  af  tha  af facta  af  ilepereoli 
without  tha  pataatlally  ahacarlag  affacta  af  eoaraa  caaatltaant 
part lc laa,  all  thraa  af  thaaa  allaya  wara  *a4a  fra*  a  aw par  -par a 
alaalalwa  haaa  la  ar4ar  ta  aatatala  wary  lav  lraa  eaataata  (laaa  than 
0. Olvtf).  Thla  lav  Iran  contact  aaa  ahtalaaA  la  ML  m2  Mi,  ha*  tha 
Iran  content  la  Ml  aaa  iH^M*  higher  than  2ea!re2  (O.Mvtf).  Ta 
allav  eaaperlaaa  af  raewlta  with  a  eeoaarclal  parity  allay,  allay  NC 
with  0.27vttPa  aaa  ale*  aea2. 

2.1.1  Caatlag 

Aa  Tahla  2.1  lailcataa,  allaya  KT,  ML  aa2  Mi  vara  aa2a  la  two 
caata.  la  tha  haahaaali  caat,  tha  aaltaa  allaya  vara  chill  caat  lata 
capper  vow  12a  apprealaataly  2Va  (1“)  thick-  ta  tha  direct  chill 
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«th«4,  the  alloy*  «nr*  Maltoatliwovil;  etit  Into  •  water  coo 1*4 
amiU  ahoM  bottom  la  connect**  to  a  hydraulic  rao.  Aa  tha  natal 
•olldtft**,  tha  raa  vltMrava  it  fro*  th*  awiH  ao  that  th# 
Hllllflcatlon  rat*  can  to  control!**  by  th*  flow  rat*  of  th*  cooling 
water  an*  the  *****  of  th*  ra*.  Th*  eaattng  waa  then  ac*lp*d  to  r*nov* 
th*  aurfac*  l*y*ra  an*  to  obtain  th*  **alr«*  thlckn*aa  prior  to 
th«r*o**ch*nlcal  treatment. 

2.1.2  Th«rnon*ch*nlcal  Treat went 

With  th*  *ac*ptton  of  alloy  HT ,  which  will  to  *lacwaa** 
•«p«r*tely,  all  th*  alloy*  w*r*  honegcnlt**  at  5K)*C  for  lb  hour*.  Th* 
•ll*ya  w*r*  then  roll**  at  110*C  to  an  lnt*ra»*lat*  thlckn**a.  allow** 
to  cool  t*  roo*  fnperatnr*  an*  th«n  col*  roll**  to  final  thlckn*aa. 
TWo  final  thlckn**a*a  war*  ragwlrodt  l ton  far  e*n*tl*  taat  ap*cfa*na 
an*  1 to*  for  fractwra  towghneaa  apoclnon*.  Three  thlckn«aa*a  *r* 
therefore  gl**n  In  Takl*  2. It  acalp**  thlekne**,  thlcknaaa  after  hot 
railing  an*  final  col*  roll**  thtckn***.  After  nachlnlng  to  th* 
ragntrad  ap*cl**«  fora,  th*  alloy*  war*  then  glvon  a  aolut ton  an* 
racryatclllaatlon  traatnaot  of  30  aJant**  at  300*0  In  a  aolten  aalt 
hath,  gwonchad  In  water,  hoi*  at  mow  taaparatnr*  for  3  alnwtea  an* 
than  ago*  In  all Icon*  all  at  103AC  to  peak  her*****.  Single  *p*rta*n 
agoing  eorwaa  war*  0«**l*p**  to  *• tern la*  tin*  to  po*k  har*n**a j  tha** 
•going  cwrraa  ar*  shown  1*  flgwrea  2.1  t*  2.3.  lardo#**  valna*  nr* 
Oatarnlna*  ratng  a  Ticker*  * tenon*  Indent or  with  10kg  laa*.  Tha 
•rror  tor*  rapr***nt  •  • tender*  deviation  to***  wpan  at  l*«*t  fie* 

n*a*wr*n*nt*.  Ageing  tin**  t*  peak  hard****,  can*l*t*at  with  tha** 
glran  by  Dealing  <1973),  Ortnee  (1977)  *nd  Edward*  (1901),  w*r*  a* 
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follows  HT,  4hr*{  HI  Mf  HM,  2.5hra;  Ml  inf  HC,  Thro. 

Alloy  HT  rtrtlTtd  a  laawtiit  different  them©  -werhanlcal 
trootoont  do*  Co  It*  tendency  towor4  c  larger  grain  ale*.  Whon 
processed  aa  ikon,  HT  hea  emulated  grain*  of  ihwit  400  u*  disaster,  in 
contrast  to  tho  dtspersold  containing  alloy*  having  an  emulated  grain 
alt*  of  approalaetely  lOOw..  In  order  to  laolata  dtspersold  mlua* 
fraction  aa  tha  caper tnental  variable,  It  waa  desirable  to  kaap  th« 
grain  all*  eeoatant.  Dowllo*  (1975)  triad  unsuccessfully  to  lncroaa* 
tho  grain  alt*  of  th*  dtspersold  containing  alloya.  However,  In 
another  approach  Edward*  (ltdl)  algnlf leant ly  reduced  the  grain  alia 
of  alloy  HT  by  cutting  th*  solution  treatment  tloe  aftar  cold  work  to 
on*  nitrate  and  adding  a  one  hour  solution  treat went  at  Wfic  before 
th*  cold  rolling.  Thus  by  nodlfylng  th*  solution  treataeat  and 
applying  MS  cold  work,  Edwards  obtained  an  HT  grain  ala*  of  12)m 
without  affecting  tha  agoing  characteristics  or  otherwise  altering  th* 
oferootiwctor*. 

This  snail  grain  ala*  traatnent  was  attanpted  on  th*  HT  alloy*  In 
this  study.  The  HT  bookaeuld  coat,  howovor,  did  not  lend  Itself  to  th* 
treataent  because  th*  cast  thickness  of  ibn  and  the  deal  rod  final 
thickness  of  lion  pernltted  only  MS  cold  work  to  be  applied  with  no 
prior  bat  working.  The  reoultant  grain  alas  in  this  alloy  was 
approalnataly  N)ya.  (The  on  t  hod  for  grain  ala*  aeaaorenent  la 
described  In  section  M)  Howovor,  tba  direct  chill  coat  HT  alloy  was 
hot  rolled  and  roc el rod  Ml  cold  wort  to  give  a  final  grain  ala*  *f 
about  200 im.  This  la  at  111  larger  than  the  grain  a***  ebtalaed  by 
Edward*!  the  difference  nay  be  due  to  the  different  final  thickness  la 


each  tea* 


Crain  *1>«*  for  all  th*  alloy*  art  given  in  Table  2.2. 
H*a*ur*nent*  war*  aaf«  on  three  orthogonal  plan**,  each  ftflarf  by  a 
llr*  normal  to  tha  plan*  a*  follow*  L,  longitudinal  direction, 
parallel  to  th*  rolling  direction;  T,  transverse  dlr*ctlon, 
porp*ndlcular  to  th*  rolling  direction  and  th*  rolling  plan*  nornalt 
and  57,  short  traaarer**  direction,  parallel  to  th*  rolling  plan* 
normal. 

Table  2.2 


Crain  site* 

(l**) 

on  | rlnctpal 

plan* 

Alloy 

rr 

T 

L 

A7C 

KT 

200 

200 

200 

200 

ML 

11* 

104 

75 

dd 

m 

M 

td 

72 

94 

m 

«o 

•3 

45 

7d 

HC 

M 

7d 

41 

74 

2.2  Tanaila 

Testa 

• 

Tonsil* 

t**t*  ear* 

porfornad  on 

a  NAff>  elo**d  loop 

sore*  -bydraw  lie  tea  ting  oec 

hin* 

fitted  etth 

a  50U  load  call  end*! 

position  control,  both  notched  and  parallel  aldad  tonal 1*  ep*eln*na 
wore  nachlnod  a*  that  th*  length  of  the  ap*c Inane  lay  la  the 
longitudinal  direction.  Spec  1  nan*  wore  held  In  place  and  th*  land 
applied  thraogh  standard  hewn* fie Id  ■*.  Id  epee loan  check* •  A  constant 
actuator  speed  of  O.lan/niaet*  «a«  ohtalnad  by  using  the  HAW  rang 
ganarator  act  an  d.loolts/nln.  All  nachenieal  tost*  ear*  porfornad  in 
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laboratory  air  (~  ))(  ralatlvt  huaUttjr)  at  roou  tnprratura  {-  20%). 
An  1*T  recorder  plotted  load  mraua  change  la  ifttlotn  dieueter.  An 
laetrou  atrala  gauge  oateneoaetar,  uodlftad  aa  rtom  In  fig.  2.4,  woo 
uead  to  aeaaura  a far  loan  dleaetor.  That  lta  outfit  llnaar  over  rha 
raaga  of  lntaraat  can  ha  aaan  fro*  the  calibration  ahown  In  fig.  2.7; 
It  vaa  axtraaaljr  oanaltlea  to  charge  In  epee loon  dieueter.  Accuracy 
vaa  to  tha  naaraat  O.Oluu  Initial  apaeiuan  dlaaatar  wna  aaotured 
aalng  a  travailing  oleroacopa  to  an  accuracy  of  O.Olaa.  Thta 
lnatruaentat ion  ana u rad  that  both  ongtnoartng  and  trua  atraaa  could  ba 
calculated  for  any  point  during  tha  taat.  Tha  trua  atraln  la  glean  by 
(Nockantla  at  al..  If 77) 


«  -  2  lne 

o 

c 


(2.1) 


cn  la  tha  original  rodtna  and  c  la  tha  lnatantannoua  radlua. 


2.2.1  Donate hod  Tana 11 a  Taata 

Car  motional  tonal  la  propart  lea  of  tha  aatarlala  oar a  dntarnlnod 
ualng  tha  unaotchod  tonal  la  apactaen  gaoaatry  ahoon  In  fig.  2.4. 
Initial  dlaaatar  la  tha  gauga  length  wna  appraalnatalp  fan  and  tha 
gauga  length  non  lCUa.  Thun  tha  actuator  a pood  of  0. laa/ulauta  gam  a 
atrala  rata  of  0.01/alnota.  Machining  acratchaa  uara  raaaaad  froa  tha 
gauga  length  bp  grinding  ulth  auecoaalmly  floor  gradaa  of  allleoa 
carblda  abraalm  paper  fotlowod  bp  potlaht^  with  iraaao.  Tha  atraln 
gauga  aataaaaaatar  won  attached  to  the  nlddla  of  tha  opoetaon  gauga 
length,  dara  nocking  and  final  fracture  occurred. 
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2.2.2  Notched  Tensile  Tasts 


kesponse  of  the  Mttrldi  to  varying  degrees  of  trlaalal  atraaa 
atata  was  naaeured  on  clrruof arant lal It  aotrhW  tanstla  spec loans.  Tha 
a for loan  geooat ry  and  atraaa  analysis  wort  Wa«4  on  tha  work  of 
Mockantle,  Hancock  and  Brown  (1977).  Tha  offocttve  plastic  atratn  to 
fallura  Initiation  was  oeoaurod  for  dlffarant  voluos  of  atraaa 
trlaxlallty  produced  by  varying  tha  notch  root  radius  of  curvature. 
Spec loan  geooatry  and  notch  radii  ara  show*  In  fig.  2.9. 

Ihtctlla  fallura  In  thla  ga one tty  Inlttataa  at  tha  eantra  lino  of 
tha  a pact nan  at  tha  notch  where  tha  atraaa  atata  la  aoat  aaware 
(Mackenzie  at  al.,  1977).  Tha  atraaa  and  attain  atataa  In  tha  notch 
eon  ha  eat  lost ad  froa  tha  raaulta  af  an  analyala  by  Brldgnan  (1957)i 

®*«  •  o|l  ♦  ln(e**2e*-e*)l 

*1  •  i  ln(c* ^cB-e*)  <2 •  *) 

Set 


•  2  I  n  ao 
c 

Figure  2.10  lllaatrataa  thnoa.  with  e„  tha  longitudinal  atraaa, 

*g  tha  radial  atraaa  and  tha  offoctlao  plaatlc  strain.  Alto,  c  la 
tbo  epnelooo  rodlua,  t  la  the  notch  rant  radius  of  curvature  and  o  lo 

iterance  neooured  Iron  the  cnet ratine  ef  the  epee 1 non.  o  lo  tho 
effect Ivo  etreee  given  by 
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* 


(2.3) 


#v4o(  -9^)1  ♦  +  («,  •*«,>* 

2 

The  stress  trlaxlallty,  (t(ln«4  at  the  ratio  of  tha  Man  atraaa 
to  the  effective  atrcaa,  for  thla  fa om try  la  given  kjr 


<J.*> 


Thu*  whan  t  la  large,  r hf  trlaxlallty  approaches  tha  unnotched 
tanalla  value  of  1/3. 

Hancock  and  Mackenita  (197ft)  dateralned  that  failure  Initiation 
corraaponde  to  the  aiilaua  In  the  plot  of  true  atraaa  against 
af  fart  lee  plaetlc  strain.  In  aoat  Mtarlala  there  My  he  a 
ronaldarahla  amount  of  etraln  bar wean  this  point  of  failure  Initiation 
and  subsequent  final  fracture  of  the  epeclMn.  However,  such  was  not 
tha  eaaa  In  the  praaant  study;  tha  failure  strain  was  takan  as  the 
strain  at  frsetura. 


fracture 


is  Teats 


fractura  toughness  testing  was  performed  on  a  HAND  closed  loop, 
servo "hydraulic  testing  Mchtne  fitted  with  a  ?5kN  lead  cell  operating 
In  lead  control.  Compact  tension  (CT)  sport m ns  wars  me h l ned  In  the 
LT  orlantatleo,  t.a.  crack  plaM  norms 1  In  the  longitudinal  direction 
and  the  crack  propagat Ion  In  the  transverse  direction.  The  apeclMn 
geoMtry  and  dlMnalona  are  shown  in  fig.  2.11.  A  apeclMn  thickness 
of  epproatMtely  11.3mm  urns  selected  as  a  compromise  between  that 
daatrad  for  full  plaM  strain  constraint  on  tha  mldplaM  and  the 
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Ualtatlone  tapoaed  by  eittlni  itt*  and  heat  treataent  fecllitlea. 
Prior  to  heat  treataent,  a  aharp  atartar  notch  »•*  apart  eroded  taa 
beyond  tha  aachlne  notch  ualng  %  gauge  roppar  wire.  Thla  atartar 
notch  provided  aufflclant  atraaa  concentration  for  tha  fatigue 
fra-crack  to  Initiate  at  lte  tip*  Tha  fatigue  pre-crack  waa  grown  f roes 
tha  atartar  notch  at  a  Alt  In  tha  range  10-13MPaYE.  The  daalrad  if  waa 
Maintained  aa  tha  crack  grew  by  a  nanual  load  ahaddlng  technique,  and 
thla  Alt  waa  reduced  aa  tha  crack  length  approached  tha  daalrad  value 
of  a/V.  Crack  length  waa  aaaaurad  at  frequent  Intervale  ualng  a 
travelling  alcroacope  focueed  on  the  apeclaen  aurface,  which  had  been 
Mechanically  pollahed  to  a  tyo  flnlah.  Thla  technique  enabled  aurface 
crack  length  to  be  detected  to  an  accuracy  of  O.Olaa.  The  fatigue  load 
waveforn  waa  alnuaoldal  with  M*.ln/Xaa*)  of  0.1.  All  teata  were 
performed  In  laboratory  air  and  at  rooa  teaperature. 

2.3.1  He  Tooting 

Plane  atraln  fracture  toughneaa  teata  were  performed  In 
accordance  with  ASTM  atandard  UM  (ASTH,  197g)  eacept  that  the 
thlcknoaa  dlaenelon  waa  allghtly  lone  than  that  recoaaended  la  the 
atandard  for  alternative  coapact  tana  Ion  apeclaene  (11.3aa  verawa 
12.3aa  for  kf-VJba).  It  waa  clear  that  thla  thlcknoaa  would  be 

lnauffteleat  for  a  valid  g«teralnatlon.  however,  alnce  X  could  be 
aaaaurad  froa  the  aaae  teat  record  aa  obtained  for  the  J  teat  (to  bo 
dlacwaaed  In  auction  2.3.2)  It  waa  decided  to  aeaaure  Xq  |(  (  poealble 
eaapartaon  of  toughneaa  between  aaterlala.  The  apeclaen  atrength  ratio 
aantlaned  In  the  ASTH  atandard  had  been  calculated  for  theae  alloya  by 
Prince  (1977)  who  found  it  waeutteble  aa  a  relative  aeaaure  of 
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tMghMIl. 

After  the  fatigue  pre-crark  had  grown  to  an  a/V  value  of 

approximately  0.)),  the  epeelmen  wet  removed  from  the  gripe  and  a 

modified  loetron  etreln  gauge  fitted.  The  clip  gauge  wee  mounted 
between  two  rater  bladee  held  by  epoxy  reeln  to  the  eperlmen  load 
line.  The  clip  gauge  then  monitored  load  line  dlaplacement  (4jj  # 
calibration  curve  for  thle  clip  gauge  la  a hour  In  fig.  2.12.  The  gauge 
reeponee  wae  linear  over  the  range  of  Internet  and  accurate  to  the 
oeareat  0.001mm.  Actuator  epeed  wae  controlled  using  the  HAW  mmp 
generator  net  at  O.bvolte/sln  to  produce  an  actuator  epeed  of 
0.3mm/mlnute.  Load  (P)  and  load  line  dlaplacement  (d^)  ««r«  recorded 
graphically  cm  an  X-T  plotter;  a  typical  teat  record  of  load  -  load 
line  dlaplacement  la  shown  in  fig.  2.13.  Once  the  dealred  load  woa 
obtained,  the  epee 1 men  wae  unloaded  by  reverelng  the  direction  of  the 
ramp  generator.  The  clip  gauge  wae  removed  and  the  apeclaan  woe 
fatigue  loaded  again  until  the  crack  grew  well  pcset  lta  previous 

poelt Ion  during  the  K  teat.  Craca  length  far  the  K  calculation  uoa 

date reined  by  examining  the  crack  plane  In  the  JW  33k  acannlng 
electro*  mteroecope.  The  termination  line  of  the  pre-fatigue  crack 
front  uaa  clearly  evident  oa  oeea  la  fig.  2.1b.  Thia  crack  langth  wma 
maaaurud  at  1mm  lntarvala  acroaa  the  thickiteae  eatng  the  J9K  35-1 
atage  mlcromatara.  The  readlaga  warn  averaged  ta  give  a  fatigue  crack 
length  which  we*  then  edded  te  the  notch  length  te  produce  a  tetal 
crack  length  te  the  nearest  0.01mm.  K  values  were  calculated  using  the 
AST*  standard  DM  fmrmmla 

*  -  Pf  (a/W)  (2.3) 

mut 
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where  t  la  load,  I  la  thlckneee,  U  la  width  and  f(e/V)  la  a  polynomial 
function  of  a/V  who  a  a  valuta  art  tabulatad  In  tha  A5TN  atandard,  Kq  |( 
than  tha  valua  of  aquation  2.5  obtained  ualng  the  load  Fq  (t  ^ 
Intercept  of  tha  load  -  load  Una  diaplacanant  tract  and  a  Una 
conatructad  on  tha  tract  haring  Ml  of  tha  elope  of  tha  Unaar  portion 
of  tha  tract.  Datalla  of  tha  procadura  art  apaclflad  In  tha  ASTM 
atandard  E)99 

2.3.2  Jlc  Taatlng 

Tha  ducella  fracture  toughnaaa,  JjC|  determined  with  aultlpla 
compact  tanalon  apaclnana  ualng  tha  procadura  developed  hr  Clarita  at 
el.,  (1979)  and  Clarka  and  Landaa  (1979).  Although  not  pat  adopted 
formally  at  an  ASTM  atandard,  thla  procadura  haa  Wan  widely  uaad  to 
determine  tha  value  of  tha  J  Integral  at  the  onaat  of  atehla  crack 
growth.  Briefly,  J  la  calculated  for  each  epeclnen  from  an 
experimental  load  veraua  load  line  diaplacanant  curve  hy  tha  formula 

J  -  l+o  ZAj  (2.*) 

1+m*  Bb 

’**r*  *T  la  tha  total  area  aider  tha  curve,  B  la  tha  thlcknaaa,  b  la 
tha  remaining  ligament  (V-e),  and  (I4m)/(l+mi)  la  a  function  of  a/V 

whoae  valua  la  tabulated  by  Clarka  and  Landaa  (1979 »  for  the  a/V  range 
0.45  -  O.SO.  Tha  amount  of  crack  exteneloa,  Aa,  ami  tha  pre-fatigue 
crack  length,  a,  are  maaaurad  by  examining  tha  fracture  eurfece  after 
tha  a peel man  la  pulled  apart.  Valuer  of  J  are  plotted  agalnat  Aa  for 
at  laaat  four  apaclnana  and  a  leant  equarea  Una  la  drawn.  The 
latereactloa  of  tha  laaat  oquaree  line  and  a  blunting  Una  given  by 
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(2.7) 


7  “  20y£g 

la  thei  taken  aa  tha  value  of  Jq  .  Ike  value  Jq  la  conaldared  a  valid 

JIc  If  It  aeata  certain  criteria  that  Halt  the  al lovable  amount  of 
crack  extenalon.  A  achematlc  of  tha  procedure  la  ehown  In  tig.  2.1A. 

SpaclMna  and  experlMntal  epparatua  for  J  teat  log  Mara  tha  aaat 
aa  thoae  daacrlbad  for  K  taatlng  In  aectlon  2.3.1.  Crack  front  Mrklaq 
by  fatigue  before  and  after  tha  J  teat  proved  to  be  affective  In 
determining  the  poaltlona  of  the  crack  front.  Theae  poaltlona  mere 
aoMtlMa  difficult  to  eatabllah  In  alloy  IfT  becauae  the  fatigue 
mlcroMchanlaa  of  crack  extenalon  la  li|j  cootroiled  (Edward.,  1941) 
and  thua  alnllar  In  appearance  to  the  monotoalc  mlcroMchanlen. 
However,  ell  other  alloya  ahowed  a  clear  change  In  appearance  (aaa 
fig.  2.14),  naklng  accurate  ataaureatnt  of  a  end  Aa  atralghtforward. 

Som  data  point  a  uaed  to  determine  the  linear  equation  of  J 
ver.ua  Aa  fell  outalde  the  minimum  or  aaxlmum  allowable  crack 
extenalon  according  to  Clarke  and  Landea  (1979).  With  reapect  to 
ml n 1 mum  extenalon.  It  waa  felt  that  any  teat  with  a  Maaurable  amount 
of  monotonlc  crack  extenalon  on  the  fracture  aurfece  ahould  be 
Included.  The  emit mum  allowable  extenalon  aeema  aomewhet  arbitrary 
alnce  It  effectively  ltmlta  Aa  to  lava  than  about  1.5mm.  To  reduce  tha 
number  of  teate  required  to  obtain  a  J-Aa  Una,  thta  roqulreMnt  waa 
relaxed  to  Aaa2.Smm  In  thla  atudy.  The  Intention  that  tha  procadure 
ahould  not  be  uaed  to  characterise  tha  reetateoce  curve  for  large 
amount*  of  crack  extenalon  waa  .till  aatlefled. 
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2.4  Flattie  to ne  Slta  Haaauranent 


Various  possible  net hod a  of  crack  tip  plaatlc  son#  alia 
neasuiaaent  were  llicuttaf  In  auction  1.5.1.  Oua  to  Its  appllcabl lltjr 
to  plana  atraln  sona  aaaauraaant  and  Its  sensitivity,  tha  alactroa 
channelling  pattarn  at t hod  was  used  la  this  study. 


2.4.1  Elactroa  Channelling  Pattarna  (ECP) 

Elactron  chanaalllng  pattarna  can  ba  obtained  under  special 
conditions  using  a  scanning  alactroa  alcroacope  (SEX).  Tha  requisite 
contrast  arlaas  froa  an  aaoaaloua  absorption  affect.  In  which  tha 
electron  Intensity  of  the  prlaary  baas  as  a  function  of  depth  Into  tha 
crystal  varies  with  crystallographic  orlantatloa  (Rtrsch,  flow la  and 
Whelan,  1942;  looker  et  al.,  1947).  This  aachanlaa  can  thus  produce 
aultabla  contrast  whenever  there  la  a  change  la  crystallographic 
orlantatloa  relative  to  tha  bean.  The a a  changes  In  crystallographic 
orlantatloa  can  be  obtained  by  rocking  tha  electron  bean  about  a  point 
on  the  epeclasn  surface.  In  a  two  scan  coil  SEM,  the  rocking  condition 
Is  obtained  by  switching  off  tha  lover  sat  of  scan  colls  located  at 
point  I  In  the  ray  dlagrao  of  fig.  2.15.  Thus  singla  deflection  of  the 
bean  is  caused  by  the  scan  coil  at  point  A.  Tha  strength  of  the  second 
condenser  Ians  Is  adjusted  so  that  It  focuses  the  electron  bus  on  tha 
front  focal  plane  of  tha  objective  lone  (t  In  fig.  2.15).  The 
objective  Ians  focal  length  la  set  so  that  tha  laaga  of  the  object 
located  at  the  recking  coll  la  focused  on  the  spec  men.  Consequently, 
by  varying  tha  rocking  coll  currant,  tha  parallel  electron  bean  can  be 
nods  to  rock  about  a  given  paint  on  the  epee  loan  surface.  In  fact,  the 


f 
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point  haa  a  finlta  araa  betauae  tha  lnharant  apharlcal  aberration  of 
the  objective  lane  < Newbury ,  1972)  caueee  rape  that  are  at  different 
dlatancea  froa  the  optfc  aala  to  focua  at  different  polnta  alone  the 
avia.  Thla  phenoawnon  createa  a  dtac  of  leaat  confualon  on  the 
apeclaen  eurface  of  radlua  At  (ehovn  la  fig.  2.19  (Longhu-at,  1997, 
p.347))  given  bp  (Thornton,  1944,  pg.36)  aa 

dr  -  C,6i  (2.1) 

where  t  jB  the  apharlcal  aberration  coefficient  of  the  lena  and  •  la 
the  angle  that  a  rap  aekee  with  the  optic  avia.  Since  C(  jMrtllil 
vlth  lncreaalng  dlatance  froa  the  objective  lena,  the  alia  of  the  a pot 
on  the  apeclaen  eurface  la  a  function  of  the  working  dlatance  and  the 
angle  of  acan.  The  voluae  of  notarial  Jhlch  producea  the  channelling 
pattern  depend a  on  the  a pot  else,  the  accelerating  voltage  of  the 
electron  been  and  the  atoalc  nuaber  of  the  aaterlal.  Since  the  qualitp 
of  the  reaultlng  K t  dependa  on  the  perfection  of  the  crpatal  lattice, 
the  CCP  offera  a  non -dea tractive  aathod  of  obtaining  lnforaatlon  about 
the  defect  denattp  of  a  crpatal  (Davtdaon,  1991).  Unfortunatolp,  the 
apeclnen-elect ron  interaction  and  the  wap  thla  Interaction  varlea  with 
bean  voltage  and  defect  charactertatlce  are  not  pet  follp  uaderatood. 
The  concept  of  a  nodal  relating  changea  In  KCF  to  defect  tppe  and 
denaltp  haa  recentlp  been  reviewed  bp  Davldeoo  (1991).  However, 
deaptte  the  theoretical  dtfficulttea  In  treating  the  effect  of 
Individual  defecta  on  ECFa,  channelling  patterna  have  been  ahowi  to 
provide  atgnlf leant  lnforaatlon  on  the  average  nuaber  of  defecta  In 
the  voluae  of  aaterlal  aaapled  bp  the  bean.  Aa  a  reault,  deterioration 
of  CCFe  can  be  ahown  eapertaentallp  te  depend  on  dlelocatlea  denaltp, 
a  fact  which  enablea  ECFe  te  be  ueed  te  aap  plastic  eoaea  at  crack 
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tips.  Divldion  (1974)  used  •  tapered  tensile  iptclatn  to  obtain  a 
•arlaa  of  calibration  ECfs  for  known  values  of  strain.  Ha  than 


coaparad  experlasntel  ECPs  froa  a  crack  tip  rafion  to  tha  calibration 
ECPa  and  plotted  strain  contours  around  tha  crack  tip. 

Prince  (1977)  statlarly  classified  aatarlal  at  specific  locations 
around  tha  crack  tip  as  daforaad  or  undaforaad;  this  technique 
required  constant  switching  of  tha  alcroscope  conditions.  However,  tha 
resulting  locus  of  points  considered  to  be  coaprlaed  of  daforaad 
aatarlal  ellowad  hla  to  construct  tha  line  representing  tha 
elastic-plastic  interface.  Tha  objective  of  tha  use  of  ECPs  in  tha 
prasant  work  waa  to  detaralne  tha  eleatic-plestic  lntarfaca  around  tha 
crack  tip  (and  thus  tha  plaetlc  sons  slsa)  by  a  as t hod  that  waa 
accurate,  repeatable  and  reasonably  rapid. 

2.4. J  faggri  aantal  Technique 

Tha  alcroscope  used  to  aap  plastic  soaas  was  a  JEOL  100C  ale.tron 
alcroscope  with  an  EM-A3ID-4D  seaming  attachaant  operating  at  lOOkV 
accelerating  voltage.  Coapact  tension  spaclaans  (CTS)  ware  tastad  as 
described  la  section  2.3.1.  However,  tha  spaclaans  ware  loaded  to  a 
predetermined  value  of  K  which  was  calculated  to  be  lass  than  that 
which  would  cause  crack  extension,  following  tha  tast,  tha  rreck  tip 
region  and  surrounding  aaterlel  were  cut  froa  the  CT  apeclaan  by  spark 
erosion.  Special  cere  was  taken  throughout  the  preparation  for  plastic 
tone  asenureaant  to  preclude  additional  loading  In  the  plane 
perpendicular  to  the  crack.  The  bulk  apeclaan  holder  on  the  JEOL  100C 
Halts  the  apeclaan  dlaansloar  to  epproxiaately  2aa  x  ba  x  13aa.  This 
apeclaan  site  was  obtained  by  first  apart  eroding  to  slightly  larger 
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dlatmiou  and  than  grinding  to  (Inal  also  on  wot  abraalve  paper. 

Slnco  ^ood  aloctron  channalling  pat  tarn  quality  da panda  on  having 
a  (tat,  poll a Had  surface,  l ha  abort  tranavaraa  plana  that  corraapondad 
to  the  nldplana  of  tha  compact  tana  Ion  apaciaan  waa  aachanlcally 
pollahad  and  slectr jpollahad  ualng  tha  aathod  daacrlhad  la  aactlon 
2.5. 

Valuta  of  appllad  K  and  J  for  thaaa  plaatlc  aona  alia  apaclaana 
war a  calculated  ualng  aquation*  (2.5)  and  (2.4).  Crack  langth 
aaaauraaaat  waa  not  aa  accurata  no  for  fractura  toughnaaa  apaclaana 
bacauaa  tha  nlna  point  crack  prof 11a  aathod  ualng  tha  SOI  on  tha 
fractura  aurfaca  could  not  ha  uaad.  Inataad,  tha  alactropallahad 
aid  plan*  crack  langth  waa  aaaaurad  with  a  travailing  alcroacopa  and 
tha  raault  avaragad  with  tha  aurfaca  crack  langth.  Although  not  aa 
praclaa  a  aathod,  tha  fuactloaa  of  a/W  In  aquation*  (2.5)  and  (2.4)  do 
not  strongly  da  pa ad  on  crack  langth. 

Tha  plaatlc  sona  apaclaana  wara  than  hald  in  a  apodal  Jig  hullt 
to  fit  In  tha  JEOL  100C  bulk  apaciaan  holdar  and  lnaartad  Into  tha 
alcroacopa.  A  aoraal  aacoodary  aloctron  laaga  waa  obtalnad  at  10O0X 
magnification.  Tha  prtclaa  location  of  tha  crack  tip  waa  dot armload  by 
digital  volt  attora  (DVM)  attachad  to  tha  apaclann  tranalatlon  gnara 
and  calibrated  ualng  a  10pm  copper  aaah.  Although  tha  DVMa  gave  a 
readout  of  poaltlon  accurata  to  tha  aaaroot  alcroa,  backlaah  In  tha 
apaciaan  tranalatlon  oyotaa  Halted  tha  accuracy  to  about  t5pm.  Tha 
pea It  Ion  of  tha  alaat lc-plaatlc  intarfaca  la  ralation  to  tha  crack  tip 
won  determined  aa  follow*!  At  a  dlatanca  several  al 11 la* tar*  ahead  of 
tha  crack  tip,  a  oil  looted  baaa  In  rocking  alt  waa  obtained  by 
adjuatlng  tha  object lva  ion*  currant  ao  ttat  a  ^laca  of  duat  or  a  para 
waa  at  tha  largaat  obtainable  aagntf lcatton.  Than  aovlng  away  Iron  tha 
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dust  or  port,  on  ECP  characteristic  of  undeforaMd  notarial  mi 
opt  lot  sad  using  ths  dlf farantlatad  back  -scat tarad  alactron  signal  with 
10°  angta  of  rock  and  SLOW  1  scan  speed.  Sines  an  ECP  has  Inherently 
low  contrast,  an  laproved  pattern  could  often  be  obtained  by  using  the 
annual  tens  control  on  condenser  laneea  Cl  end  C2.  Up  to  e  point, 
decreasing  the  strength  of  Cl  gave  a  larger  signal  In  the  ECP  while 
Increasing  the  strength  of  C2  brought  the  ECP  back  Into  focus.  The 
laproved  signal  to  noise  retlo  of  this  annual  lens  control  technique 
gave  e  good  quality  ECP,  frequently  with  fourth  order  tines  visible. 
An  exaapte  Is  shown  In  fig.  2.17.  If  an  eccepteble  quality  ECP  could 
not  be  obtained  on  undeforaed  aaterlal,  the  apeclaen  was  raaoved  and 
repollshed.  White  reaalnlng  In  channelling  node ,  the  apeclaen 
translation  kaobe  were  adjusted  so  that  the  crack  tip  was  under  the 
been  according  to  the  previously  recorded  crack  tip  position  on  the 
DVMs 

Arrival  at  the  crack  tip  could  be  conflraed  by  the  distorted 
laage  on  the  viewing  screen.  Then,  using  the  crack  tip  as  the  origin 
of  e  coordinate  systea  based  upon  the  DVh  readouts,  the  apeclaen  was 
traversed,  aovlng  tLa  c* »ck  tip  away  froa  the  been  until  the  ECP 
returned  to  the  qualify  characteristic  of  unleforaed  aaterlal.  The 
bean  was  then  seemed  several  tlaes  across  the  transition  region  until 


the  poettlon  ef  the  elastic-plastic  Interface  was  established.  DVH 
readings  of  this  position  wore  recorded  and  the  procedure  repeated  at 
another  position  along  the  plastic  sons  boundary.  Eventually  the 
profile  of  the  crack  tip  could  be  constructed  ae  shown  la  fig.  2. If. 
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2.*.3  hntltlflty,  haproduclbl 11 ty  «»d  Accuracy 

Three  major  coni* me  ebout  the  C CF  technique  (or  pleetlc  aooe 
measurements  eere  sensitivity  to  pleetlc  strela,  reproducibility  of 
measurements  end  accuracy  of  pleetlc  aooe  dimensions  Since  the 
location  of  the  pleetlc  tone  boundary  depended  upon  a  subjective 
decielon  baaed  on  visible  deterioration  In  Kf  quality.  It  wee  felt 
that  a  method  of  quantifying  the  minimum  pleetlc  etraln  detectable  vee 
needed.  Therefore,  e  eerlee  of  three  Rounafleld  tenalle  epeclmene  of 
alloy  Mi  were  pulled  to  10X,  1.0X  end  0.2X  pleetlc  etraln, 
respectively.  Spec  Inane  were  prepared  from  theee  ao  that  ICf 
condltlone  could  be  eetabllehed  on  the  deformatle-  free  ehoulder  of 
the  aped men  and  the  epee 1 men  then  traversed  until  the  gauge  length 
wee  under  the  been.  The  ECF  on  the  10X  pleetlc  etraln  epee lean  wee 
almoet  completely  loet  upon  moving  to  the  gauge  length.  For  the  1.0X 
pleetlc  etrela  epeclmen,  treverelng  to  the  gauge  length  caueed 
detectable  loae  of  channelling  pattern  quality.  however,  there  wee  no 
well  defined  change  In  E CF  quality  for  the  0.2X  pleetlc  etraln 
epeclmen.  On  the  baele  of  theee  results,  It  wna  determined  that  the 
method  for  pleetlc  aooe  meeeurementa  wee  capable  of  detecting  plaatlc 
atralna  of  at  ieeet  1.0X.  The  plaatlc  eone  nape  thua  experimentally 
meaaured  ere  more  correctly  1.0X  plaatlc  etraln  contour*  then  profile* 
of  the  true  elastic-plastic  Interface.  Thl*  method  rellee  on  the 
ability  of  the  human  eye  to  eeeeea  overall  DCF  quality,  to  Include 
loee  of  higher  order  linee  end  broadening  of  lower  order  iinea  on  e 
cent inuou*  baele.  With  considerable  practice,  thla  method  became 


quicker  and  more  reliable  than  other  methods  of  quantifying  changes  la 
ECF  quality,  ouch  as  the  width  of  lower  order  lino*  or  the  Indexing  of 


( 


( 


the  highest  order  Unee  visible  (Prince,  1977;  Davidson,  1979). 

The  second  aijor  concern  shout  the  technique  wee  reproducibility. 
Did  this  subjective  oat hod  of  Identifying  plastically  deformed 
neterlel  give  the  seme  result  for  repeat  measurements?  One  way  of 
checking  this  during  s  single  microscope  session  wss  to  return  to  e 
previously  measured  section  of  plastic  tone  boundary  end  to  repent  the 
measurement.  Although  the  readings  on  the  DVMe  were  not  usually 
exactly  the  same,  the  reeults  were  consistent  to  within  about  tlSia. 
This  same  reproducibility  was  verified  by  remeasuring  a  plastic  tone 
after  several  days.  Another  method  used  wss  to  repollsh  a  plastic  cone 
specimen.  This  in  effect  removed  a  surface  layer  of  several  hundred 
microns  and  revealed  a  slightly  different  plastic  some.  Although  the 
details  of  the  remeasured  (one  were  not  exactly  the  seme  as  before. 
Its  overall  shape  and  dimensions  were  reproducible.  Thus  the 
repeatability  of  measurements  was  good,  both  on  e  particular  plastic 
some  and  after  repollahlng. 

Accuracy  of  the  XCP  method  for  measurement  of  plastic  sons 
dimensions  depends.  In  pert,  on  the  else  of  the  spot  the  bass  mokes  es 
It  rocks  on  the  specimen  surface.  The  MOL  IOOC  Is  en  extremely  good 
microscope  la  this  regerd  because  of  the  short  working  distance  end 
small  spherical  aberration  coefficient  of  Its  objective  lens  (see 
equation  (2.1)).  Prince  (1977),  using  a  Cambridge  34-10  Stereoscen, 
measured  his  spot  sice  by  micrometer  monitored  specimen  displacement 
raqulred  for  the  channelling  pattern  to  completely  cross  a  grain 
boundary;  the  resulting  spot  else  was  29pm.  In  the  present  work,  this 
method  gave  a  spot  else  of  approximately  ten  micron  dlemater. 
Additional ly,  a  through  focus  aeries  channelling  condition  was  set  up 
on  s  capper  moeh  having  10pm  X  !vy»  grid  openings.  In  the  optimum 
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focus  condition  at  a  rocking  angle  of  10°,  ona  grid  opening  filled  the 
screen  fro*  edge  to  edge.  It  was  concluded  that  the  EC Pa  in  the 
present  work  lay  within  an  area  on  the  specimen  surface  of 
approximately  ten  microns  diameter,  an  araa  adequately  small  since  the 
alloys  examined  had  a  grain  aits  of  70  microns  or  larger,  lecause  of 
the  small  apot  site,  the  limiting  factor  on  plastic  cone  site 
dimensions  was  the  error  Involved  in  the  Judgement  of  the  quality  of 
an  ECP  as  frea  deformed  or  undeformed  material.  Rased  on  the 
considerations  of  raproduclbll* ty  discussed  in  the  preceding 
paragraph,  the  plastic  tone  site  dimensions  were  considered  to  be 
accurate  to  ilius. 


Specimens  for  optical  metallography  and  plastic  tone  site 
measurement  were  prepared  by  vat  grinding  on  silicon  carbide  abrasive 
paper  to  >00  grit  followed  by  polishing  with  Irasso,  bum  diamond  paste 
and,  finally,  3pm  diamond  paste.  The  specimens  were  then 
slectropollshed  la  a  solution  of  Ml  a  t  ha  no 1 ,  1ST  perchloric  acid  and 
111  glycerol  (Pashley  at  el.,  1HI).  i  'equate  elect ropolishlng 
occurred  in  about  30  saconds  using  a  voltage  of  ~  20V  (half  wave 
rectified)  and  a  large  aluminium  cathode.  The  solution  was  maintained 
at  OhC  by  pouring  liquid  nitrogen  into  the  beaker;  current  density  was 
about  0. lamp/cm2. 

Specimens  for  grain  site  datarminatlon  were  subsequently  anodised 
so  that  the  grain  structure  was  ravssled  through  crossed  polarlters  in 
the  optlcsl  microscope  (Edwards,  198 1 ) .  The  anodising  solution 
contained  2Z  flworoboric  acid  (Rif  )  la  dlstlllsd  water  with  small 


Mounts  of  dissolved  tluslnlus  to  leerssss  conductivity.  Again,  s  half 
wave  rectified  power  source  supplied  -  34  volts  st  rooe  teepereture 
using  *  large  aluminium  cathode.  The  solution  was  constantly  agitated 
by  a  Magnetic  stirrer.  Under  these  conditions,  anodizing  was  completed 
In  about  40  seconds.  Optical  examination,  photography  and  grain  size 
measurements  were  performed  using  a  Zeiss  Jltraphot  IV  microscope. 

2.6  Fractography 

Fracture  surfaces  were  examined  using  JfOL  JSM  351  ana  COL  100C 
scanning  electron  microscopes  In  secondary  electron  Image  mode  Crack 
length  a  and  crack  extension  &a  of  fractured  compact  tenalon  specimens 
were  measured  la  the  JSM  35X  using  the  micrometer  controlled  specimen 
translation  system.  Fracture  surfaces  were  mounted  on  a  39mm  working 
distance  stub  so  that  the  actual  working  distance  was  appoximately 
30am.  Magnifications  of  photographs  at  aea-standard  working  distances 
were  calculated  from  a  calibration  photograph  of  the  3am  spark  machine 
aoteh. 

The  JSM  35X  was  also  used  to  estimate  the  area  fraction  of  a 
fracture  surface  covered  by  Intergranular  and  transgranular  fracture 
modes.  This  quantitative  fractography  was  performed  by  a  point 
counting  method  whereby  a  62  point  grid  was  placed  on  the  viewing 
screen  at  a  screen  magnification  rf  -  200X.  Since  the  Intergranular 
fracture  mode  predominated,  the  points  on  the  grid  which  covered  the 
larger  dimples  characteristic  of  transgranular  ductile  rupture  were 
counted,  and  the  remain!,  z  points  attributed  to  Intergranular 
fracture.  The  results  thus  represent  a  percentage  e.wa  covered  by  each 
fracture  mode.  Several  fields  of  view  were  counted  on  each  type  of 
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•  Hoy,  and  Che  result*  for  that  alloy  averaged.  Although  these  counts 
aay  njt  provide  an  authoritative  statistical  significance,  the 
quantitative  fractography  did  provide  an  adequate  comparison  between 
alloys  of  the  relative  aaounta  of  ductile  rupture  fracture  node. 
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flfurei  2.1  to  2.3 

Ageing  curves  for  alloys  NT,  ML,  *•»,  Mi 
respectively.  Error  burs  represent  rhe  ic*nd«rd 


and  NC, 
deviation 


for  at  leaat  five  hardness  readings 


flguri 

(a)  Modified  strain  gauge  ntcaioNttr  for  wasurlug 
dlMttril  displacement  of  tensile  coot  specimens. 

(b)  Clip  gouge  for  measuring  load  lino  displacement  of 
compact  tension  specimens. 


Bridgman  analyst*  for  stress  and  strain  distributions  In  th« 
minimum  eross-ssctlon  of  s  not chad  tonsils  spsclmen. 


Figure  2.11 

Compact  tsnslon  specimen.  Dlmsnslons  are  In  sb. 


figure  2.12 


Calibration  curve  for  clip  gauge  used  to  oeaaure  load  line 
displacement  of  compact  tension  specimens 


Fltwra  2.13 


Typical  caat 
for  a  coapaet 


racord  of  load  varaoa  load  lloa  dlaplaceoeot 
ranalon  apccloan 


Scheaatlc  of  procedure  for  »Ic  determination. 


figure  2. 15 


SCH  ray  dlagran  for  electron  channelling  pattern  conditions. 


Fracture  aurfae*  of  cofact  taaalon  apecluen  from  alloy  Ml 
ahowlng  crack  front  ehape  kaforo  and  after  crack  extenelon. 
Direction  of  crack  propagation  la  f ron  hot  ton  to  top. 


Electron 

undeforned 


Figure  2.17 

channelling  pattern  typical  of  thoee  f  ron 
notarial.  Alloy  ML.  iackecettered  electron 
.  «-10? 


algnal.  Differentiated 


Typical  mp  of  crack  tip  plastic  toaa 
channalllng  pattaro  tachnlqua. 


AllOt  MM 
CIS  •Si 
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Chapter  3 


exmiHEirm  results 


3.1  Tmllc  Ttiti 


3.1.1  Unnotched  Teas I le  Teats 

The  coavtacioul  itrcii-itrila  characteristics  of  the  alleys  were 
determined  from  the  load  versus  llisttril  displacement  plots  of  the 
Bounsfteld  type  tensile  specimens  described  In  Section  2.2.1.  An 
experimental  trace  from  one  of  these  tests  on  alloy  HI  Is  shovu  In 
fig.  3.1.  The  general  shape  of  the  curve  was  the  same  for  all  the 
alloys  In  that,  after  yield  the  curve  was  very  flat,  rising  only 
slightly  to  maximum  load  before  decreasing  gradually  to  final 
fracture.  From  these  traces,  engineering  stress-strain  cu. res  were 
derived;  typical  plots  for  all  alloys  are  shown  in  fig.  3.2.  Values 
for  0.21  yield  stress  oy  «nd  ultimate  stress  Ou  determined  from  the 
engineering  stress-strain  curves  are  listed  in  Table  3.1.  Multiple 
tests  were  perforswd  for  each  alloy. 

Compering  values  of  yield  strength  from  Table  3.1,  Che  ternary 
alloy  KT  yielded  at  279HPa,  somewhat  lower  then  the  other  alloys.  The 
dlspersold  containing  alloys  ML,  *  and  1C  have  effectively  the  same 
yield  st  nngth  within  an  experimental  error  of  *3KPa-  llloy  W  la 
slightly  higher  at  32HfPa.  Values  for  trend,  t.e. 
3l3*fFa  for  KT;  330HTa  for  ML,  MM  and  MC;  and  IftOHPa  for  Ml. 


Table  3.1 


nummary  of  keeulta  ~  Unnotched  Tonal 1*  Tcata 


Alloy 

°y(MFa) 

ou(NFa) 

* 

k  (MFa) 

cu 

cf 

otf  (NPai 

NT 

27* 

313 

0.050 

37* 

0.04 

0.0* 

332 

KL 

311 

350 

0.051 

419 

0.12 

0.24 

417 

Ml 

310 

3A7 

0.054 

420 

0.11 

0.29 

419 

Ml 

323 

3*0 

0.042 

471 

0.10 

0.24 

443 

HC 

35A 

0.042 

438 

0.12 

0.40 

452 

True  atraaa-atraln  curvta  wore  alao  obtained  froai  the  load  vereue 
dlaaMtral  displacement  tracea,  with  typical  plota  shown  In  fig.  3.3. 
Froai  theae  curvea,  valuea  ahown  In  Table  3.1  for  true  atraln  at 

fracture  true  atreaa  at  fracture  otf  and  unifora  atraln  tu  (1-a. 
true  atraln  at  ultimate  atreaa  ou)  ^r<.  obtained.  The  ductility  of 
alloy  NT  glean  by  the  true  atraln  at  fracture  la  quite  low  (tf-0.08). 
Alloya  ML,  Ml  and  MH  haec  roughly  the  aame  fracture  atraln  (Cf«C.27> 
while  alloy  HC  exhibits  the  greateat  ductility  (tf-0.*01.  Reaulta  for 
the  untforu  atraln  are  auch  higher  In  the  dlaperaold  containing 
alloya  than  the  ternary  NT.  Boveeer,  no  dlecernlble  trend  la  eeldent 
within  the  dlaperaold  containing  alloya,  perhapa  due  to  the  difficulty 
In  dletlngulahlng  atraln  at  the  ultlaate  atreaa  for  such  flat 
atreas'atraln  curves .  The  true  atreoaea  at  fracture  show  the  aane 
variation  aa  the  yield  atreoaea  dlacuoaed  above,  with  the  exception  of 
alloy  HC  which  falle  between  Ml  and  Ml. 

The  true  atreaa  -  true  atraln  cwrvea  between  yield  end  epeclnen 
necking  were  found  to  fit  the  general  flow  curve  eapreealon  of 
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(3.1) 


at  -  kcN 

where  fc  Is  a  constant  and  N  is  the  strain  hardening  exponent.  To 
determine  the  values  of  these  constants  for  each  alloy,  plots  of  log 

°c  versus  log  c  for  the  portion  of  the  curve  )uat  past  yield  were 
constructed  as  shown  In  fig.  3.4.  Values  of  H  from  the  slope  of  these 
plots  and  k  fro*  the  Intercept  at  log  c*0  are  given  In  Table  3.1. 
Results  for  k  follow  the  sane  pattern  as  for  ou  reflect  the 
capacity  of  each  alloy  for  strain  hardening.  Table  3.1  shows  that 
values  for  N  do  not  vary  widely,  ranging  f roe  0.030  for  HT  to  0.062 
for  alloys  KH  and  MC.  Although  the  variation  Is  slight,  K  does 
Increase  with  Increasing  amounts  of  dlspersold,  a  trend  that  emerges 
when  the  lines  are  plotted  from  a  common  origin  as  In  fig.  3.5. 

3.1.2  notched  Tensile  Tests 

The  procedure  for  determining  the  variation  In  alloy  fracture 
strain  In  response  to  changes  In  the  stress  state  of  notched  tensile 

specimens  was  discussed  In  Section  2.2.2.  The  stress  state  In  the 

specimen  gauge  length  was  varied  by  using  different  notch  root  radii  R 
as  shown  In  fig.  2.10.  Fig.  3.6  shows  the  response  of  the  load  versus 
diametral  displacement  trace  to  changes  In  R  for  alloy  Ml.  As 

expected,  when  R  decreases,  the  fracture  strain  decreases  and  rhe 

strain  hardening  rate  Increases  due  to  Increased  constraint.  Multiple 
teste  were  performed  for  each  material  and  value  of  notch  severity, 
and  results  are  presented  In  terms  of  the  effective  plastic  strain  to 

fracture  tj  versus  stress  trlaxlallty  on/5  from  eg.  (2.4).  These 
results,  displayed  In  fig.  3.7  and  Table  3.2,  show  that  slloy  HT  has  a 
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very  low  fracture  (train  at  all  strata  trlaxlalltlea  tested.  The 
fracture  strains  of  alloys  ML  and  **1,  though  progressively  higher,  are 
not  strong  function*  of  oj g.  Alloys  MR  and  MC  both  show  a  aore 
pronounce  decrease  in  tt  high  stress  trlaxlallt les ;  alloy  MC 

actually  becoaes  slightly  less  ductile  than  alloy  )fi  under  these 
conditions . 


Table  3.2 


Suaurr  of  Notched  Tensile  Test  Results 


i 


< 


Stress 

Mean 

Trlsxlsltty 

Fracture  Strain 

A1  loy 

(omrt) 

cf 

1.16 

0.01* 

MT 

1.32 

0.012 

1.61 

0.011 

1.16 

0.114 

HI 

1.32 

o.ioe 

1.61 

0.066 

1.16 

0.139 

m 

1.32 

0.122 

1.61 

0.097 

1.16 

0.209 

MR 

1.32 

0.200 

1.61 

0.138 

1.16 

0.227 

MC 

1.32 

0.224 

1.61 

0.130 
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3*2  fracture  Toughness  T eats 


Section  2.3  has  wt  lined  the  aerhod  for  measurement  of  the 
critical  fracture  r<riart«ri  K  and  i  for  the  matt  of  crack  extern loo 
using  contact  tension  ipeclwn*.  Although  It  was  originally  Intended 
to  teat  all  CT  specimens  at  precisely  the  sane  value  of  a/V,  this  aln 
teas  found  to  be  experlaentally  Impractical  due  to  uncertainties  caused 
by  curvature  of  the  fatigue  crack  front,  the  optical  method  of  crack 
length  measurement  and  the  load  shedding  technique  for  growing  the 
crack.  Therefore,  even  though  the  desired  value  of  a/V  of  0.33  was  not 
always  achieved,  the  crack  length  for  most  specimens  fell  within  the 
AST*  E399  standard  range  for  a/V  of  0.A3  to  0.33.  Typical  load  versus 
load  line  displacement  traces  for  all  the  alloys  at  approximately  the 
same  value  of  a/V  are  shown  In  fig*  3.1.  Due  to  the  geometry  of  the 
specimens  and  the  method  of  testing.  It  was  possible  to  measure  Kq 

accordlag  to  the  AST*  E399  standard  and  Jte  according  to  the  method  of 
Clarke  and  Landes  (1979)  for  each  specimen,  using  the  same  load  versus 
load  line  displacement  trace. 

3.2.1  Plane  Strain  Fracture  Toughness  (EIc) 

Kq  for  each  compact  tension  specimen  was  calculated  using  the 
load  Pq  given  by  the  932  slope  secant  line  construction  of  AST*  E399 
standard.  These  values  of  Kq  gig  not  qualify  as  valid  values  of  Klc 
due  to  the  excessive  plasticity  at  the  crack  tip;  both  validity 
criteria  of  ^m,/Pq  «  l.lfl  and  I  >  2.3  fEQ/o y)*  *•«  violated,  The 

specimen  strength  ratio  given  In  the  ASTH  standard  as  a  measure  of 
relative  toughness  for  non-valld  KIc  ««  M.g  for 
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several  rctioiu  la  many  cases,  ip«i  latnt  were  not  »ntil 

maximum  load  »o  that  a  true  a,M|  Wlr  Mt  always  available.  Also,  whan 
Frlnce  (1977)  calculated  tha  s perl  men  strength  ratio  for  slallar 
alloys  ha  found  that  tha  results  did  not  give  a  realistic  comparison 
of  toughness.  Because  the  sped nan  strength  ratio  Is  aalnly  a  function 
of  the  maximum  load  sustained  and  the  specimen  geometry,  results 
reflect  a  quantity  measured  after  considerable  crack  extension  may 
already  have  occurred.  Since  the  aim  of  the  present  study  la  to  focus 
on  parameters  for  the  onset  of  crack  extension.  It  was  felt  that  lq 

provided  the  best  available  comparative  toughness  psrameter  arising 
from  the  plane  strain  fracture  toughness  tests. 

The  resulting  Eq  for  Hch  alloy  la  shown  In  Table  3.3.  Since  Eq 
can  vary  with  crack  length,  values  of  Table  3.3  represent  an  average 
of  at  least  four  tests  of  specimens  In  the  a/V  range  0.35  to  0.60. 
Error  f*gures  represent  the  standard  error.  The  trend  Is  clearly  one 

of  Increasing  Eg  M  th*  amount  of  added  manganese  Increases,  with  the 
commercial  purity  alloy  (MC)  slightly  less  than  Ml. 

Table  3.3 

Summary  of  Eq  values 


Alloy 

*0<HFa^) 

m 

28.3 

tO.  4 

HL 

35.9 

tO.  3 

m 

39.6 

tO.  3 

m 

43.6 

tO. 6 

HC 

41.2 

tl.O 

1 


3.2.2  thtctlle  fncturt  Toughness  (JIc) 


Although  Kq  fro*  the  plane  strain  fracture  toughness  taata 
provides  a  toughness  ranking  of  the  allops,  its  failure  to  seat  tha 

valid  Kje  requirements  makes  it  questionable  as  a  quantifiable 
fracture  criterion-  The  ductile  fracture  roughaass  given  bp  the 
J-lntegral  at  Incipient  crack  growth  was  thus  measured  using  the 

procedure  developed  bp  the  ASTM  Task  Croup  K2d.01.09  on 

alastie-plastlc  fracture  (Clarke  et  al.,  1979). 

Typical  load  t  versus  load  line  displacement  traces  for 
compact  tension  specimens  of  all  the  allops  are  shown  in  fig.  3.8.  Per 

each  test,  the  area  Ml  determined  bp  counting  the  squares  under 

the  curve,  and  J  was  calculated  from  equation  (2.6),  described  In 

Section  2.3.2.  This  enabled  J  to  be  plotted  against  the  amount  of 
crack  extension  Aa  for  each  specimen;  these  results  are  shown  in  fig. 
3.9.  The  resistance  to  crack  extension  line  was  then  calculated  bp  the 
linear  regression  analpsis  of  these  data  points.  Jjf  wal  determined 
from  the  intersection  of  the  resistance  line  and  the  blunting  line, 
and  the  tearing  modulus  T  was  calculated  from  equation  (1.A3)  using 
the  elope  of  the  resistance  line  dJ/da.  The  resulting  values  of  Jjc 


and  T  arc  (inn  In  Tabic  3.4 


Tabic  3.4 


Suaaary  of  duct  1 la  fractcrc  rough net a  rcaulta. 


loy 

JIc(»*'nM) 

dJ/daCN/oa2) 

T 

MT 

11.2 

3.33 

2.7 

ML 

19. 3 

..98 

1.9 

Ml 

25.2 

9.98 

8.* 

Ml 

30.2 

29.11 

18. A 

MC 

28.8 

11.52 

7.3 

Thcac  raaulta  for  Jjc  reflect  the  aaae  oaaie  trend  ae  Kq  and  cf 
at  high  trlaxtallty  atreea  atatea,  l.e.  MT<ML<MIOIC<MH .  The  trenda  in 
dJ /da  and  T  are  atallar  except  that  alloy  MT  la  elightly  larger  than 
alley  ML.  Thla  la  probably  a  conaequence  of  the  lack  of  data  polnta 
for  J  In  alloy  MT  at  &a  leaa  than  las.  Thla  difficulty  In  obtaining 
aaall  valuea  of  crack  extanaloa  In  alloy  MT  la  Indicated  by  the 

typical  trace  of  thla  Material  In  fig.  3.8.  At  mcxImum  load, 
eudden  cra.-k  extenalon  occurred  eo  quickly  along  the  entire  crack 
front  that  tr  proeel  lopoeetble  to  unload  the  apeelaen  rapidly  enough 
to  obtatn  '  crack  extenalon  leaa  than  about  lna. 

With  the  other  alloya  Initial  crack  extenalon  occurred  on  the 
aid-piano,  gielng  a  »hunb  -nail  appearance.  The  chape  of  the  crack 
front  before  end  after  crack  extenalon  could  bo  obtained  froo  3EM 
aeaeureaenta  of  a  and  &a  at  uultlple  polnta  through  the  thlckneee  of 
the  apeelaen.  Although  the  detalle  of  the  fracture  eurfaca  appearance 
util  bo  deecrlbed  in  Section  3.5,  the  crack  front  a ha pc  olll  be 
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eoniUtrid  her*.  Por  comp arlson,  fig.  3.10  ihof  the  crack  front 
profiles  for  CT  specimens  of  KT,  ML  and  Ml.  Although  locally  lagged 
and  discontinuous,  the  extended  crack  front  for  alloy  HT  (fig. 
3.10(a))  la  roughly  constant  across  tha  width  of  tha  specimen 
Howevar,  tha  crack  fronts  for  alloys  ML  and  Ml  (fig. 3. 10(h)  and  (c), 
respectively)  show  an  Increasing  tendency  for  greater  extension  In  the 
plane-strain  region  of  the  mid-plane  and  less  extension  In  the 
plane-stress  region  near  the  surfaces.  These  rasults  suggest  that 
Increasing  the  nanganase  content  of  the  alloys  causes  an  lncreasa  in 
the  constraint  required  for  the  crack  to  extand.  This  finding  Is  also 
consistent  with  the  relatively  high  value  of  T  In  ltble  3. A  for  alloy 
HP  where  T  rapreaants  tha  resistance  to  unstable  crack  growth. 

3.3  Plastic  Zone  Slxa  ssurenent 

The  nepplng  of  crack  tip  plastic  zones  based  on  electron 
channelling  patterns  was  performed  as  described  In  Section  2.4.2. 
Figure  3.11  Is  an  exanpla  of  the  resulting  plot  of  plastic  tones  for 
specimens  of  alloy  ML  at  savaral  values  of  K.  A  line  dravn  through 
these  points  than  describes  the  profile  In  the  ST  plana  of  the  crack 
tip  plastic  cone. 

One  advantage  of  the  RCP  method  is  that  the  plastic  cone  at  any 
desired  locetlon  through  the  thickness  of  the  specimen  can  he  mapped. 
Thus,  by  sectioning  a  specimen  at  approxinataly  2. Sum  lntarvals  and 
plotting  the  plestle  (one  of  those  sections,  a  graphical 
representation  of  the  three  dimensional  plastic  tone  can  be  obtained. 
This  procedure  was  used  on  a  specimen  of  alloy  ML,  with  the  resulting 
plastic  cones  at  points  through  the  thickness  shown  in  fig.  3.12.  This 
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particular  apart  Mn  waa  loaitd  to  produce  t  K  of  Tha  linen 

up  to  tha  plaatlc  tone  rapraaant  tha  crack  length  at  aach  Interval 
through  tha  thtcknaaa.  Tha  plana  of  tha  paper  reprewnta  tha  crack 
plana,  and  tha  plaatlc  aonaa  ara  nhown  rotated  through  90o  ulth 
raapact  to  tha  plane  in  which  they  ware  actually  Manured.  PZ3  ia 

cloaaat  to  tha  nid*plana  and  la  tha  anal  lent,  aa  would  be  expected 
from  tha  theoretical  log -hone  ahapa  of  tha  plaatlc  tone  (aea  fig. 
1.1).  Tha  aiae  of  the  pleatlc  cone  tncreaaee  aa  tha  dlatence  fna  tha 
old-plane  Increeaea.  However,  lta  ahapa  changea  froa  an  alnoat 

circular  arc  in  TZ 3  to  a  profile  with  nora  pronounced  lobaa  at  an 
at.gla  to  the  creek  plana  in  PZe  2,  4  and  3.  Thin  profile  la  not 

conalatent  with  tha  predicted  change  in  ahapa  of  fig.  1.7,  which 
indicetea  nora  pronounced  lobea  in  plana  otrein.  Alao,  tha  dlatence 
fron  tha  crack  tip  to  tha  elaetlc  'plaatlc  interface  perpendicular  to 

tha  crack  plana,  r^  *hown  a  larger  lncraaae  than  doaa  tha  dlatence 
directly  ahead  of  tha  crack  tip,  r,. 

figure  3.* 3  ahowa  an  interact  log  aapact  of  tha  crack  tip  region; 
nlcrocracka  that  have  opened  ur  ahead  of  tha  main  crack  tip  whan  tha 
a pad nan  waa  loaded  to  a  K  juet  leca  than  that  required  for  crack 
eatenalon.  Thane  alcrocracka,  frequently  obeerved  on  plaatlc  cone  also 
epeclMna,  followed  grain  houndarlea  in  the  plaatlc  tone  (fig. 
3.13(a)).  la  fig.  3.13(b),  tha  dlaplee  charactarlatle  of  tha 

intergranular  ductile  rupture  aicroaachaniaaa  ara  evident. 

To  evaluate  tha  nanner  in  which  plaatlc  tooa  alee  varlaa  with 
applied  atreaa  intensity,  CT  epeclMna  of  aach  Mtarlal  ware  loaded  to 
obtain  different  value a  of  K.  Thin  procedure  rained  the  qoeation  of 
what  dlaenalon  of  tha  plaatlc  tone  ahowld  be  uaad  for  coa^arlaon.  The 
Min  poaalbllltlaa,  ehown  in  fig.  3.14,  warm  area  of  tha  plaatlc  tone 
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forward  of  th«  crack  tip;  an  average  of  the  two  dlatancee  rT  awaaured 
perpendicular  to  the  crack  plane  to  the  elaatlc-pla.itlc  boundariea 
above  and  below  the  crack  tip;  the  dlatance  rm  KMurtl^  at  toat 
predetermined  angle  I  to  the  crack  tip;  the  atilaua  extent  of  the 

plaatlc  aone  alee  rux.  or  the  dlatance  r»  meaeured  directly  In  front 
of  the  crack  tip  (9«0e).  Since  the  mapped  plaatlc  xonee  mere  often 
aaymmetric  with  reapect  to  the  crack  plane,  additional  ambiguity 
would  have  been  Introduced  by  uelng  tJ%  r#  or  the  plaatlc  aone  area. 
In  addition,  the  majority  of  the  eetinarea  of  crack  tip  plaatlc  aone 
alae  given  In  Section  1.2.2  were  for  a  dlatance  directly  ahead  of  the 
crack  tip.  Therefore,  r^  Ml  choaen  aa  the  plaatlc  aone  dlmenaloe  to 
be  uaed  for  conparleon  and  will  be  referred  to  aa  r^( 

In  general,  the  equatlona  for  eattmatlng  rp  from  Chapter  1  can  be 
written  In  the  form 

. .  i‘  »■»> 

V 

where  n  la  the  varloualy  derived  conatant  of  proportionality.  For 
example,  n«0.007  from  equation  (1.23)  (lice  end  Roeengren .  DM)  for 
a  material  with  a  atraln  hardening  exponent  h-0.03.  teaulta  for 
plaatlc  aone  alae  meaeureawnt  on  Individual  epeclmcne  are  tabulated  In 
Table  3.3  along  with  other  Information,  emch  an  applied  K  and  J.  Theae 
resulte  are  alao  preaented  graphically  In  fig.  3.13  on  a  plot  of  r^ 
varaua  (K/dy)J.  For  reference,  the  line  ohown  repreeento  o«0.032, 
predicted  from  the  analyata  of  Rice  and  Johneon  (1970).  Several 
comnanta  can  be  made  regarding  fig.  3.13:  Firat,  although  there  la 
eonolderable  apread  In  the  data,  eepeclelly  at  higher  t,  the  reaolto 
are  raaoonably  "ona latent  with  theae  of  Rice  and  Johneon  (1970). 
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Bovcvcr,  the  value*  f or  ((M  to  fall  Into  two  separate  |rwiplo|i. 
*r°r  rp  last  than  lOOp*  the  valuta  art  tightly  grouped.  Above  lOOtaa 
value*  for  r^  aKerw  son*  diet ln<- 1 Ion  between  alloy*.  These  grouping* 
suggest  a  transition  In  the  plastic  con*  site  response  to  K  at  rp  • 
100 ye.  Table  2.2  Indicates  that  the  grain  site  of  the  dlsperaotd 
containing  alloys  Is  slightly  snaller  than  lOOvs.  Thus  the  apparent 
divergence  In  tone  site  any  well  correspond  to  the  elastle-plastlc 
boundary  no  longer  being  contained  by  the  statlatlcally  averaged  first 
grain  along  the  crack  front. 


Table  3.) 


Result a 

of  Plastic 

Zone  Site 

Measure** 

nts 

Alloy 

Speclnen 

Applied 

Applied 

°y 

r  * 

<4u> 

rp 

Nunber 

t  (MPa  fk) 

J  (M/mm) 

(MPe) 

(tm) 

HT 

2 

12.1 

l.M 

18 

1 

19.2 

- 

279 

4.24 

50 

44 

25.5 

4.5 

8.35 

4® 

W  23 

12.1 

- 

1.45 

25 

22 

18.4 

- 

3.35 

53 

13 

25.9 

7.3 

318 

4.58 

47 

14 

31.0 

10.8 

8.50 

320 

21 

34.5 

10.5 

11.8 

345 

181 

41 

19.7 

3.4 

3.44 

80 

42 

30.4 

4.7 

310 

4.44 

235 

58 

34.3 

20.3 

14.1 

430 

Ml  24 

12.5 

- 

1.50 

57 

25 

19.0 

- 

3.11 

43 

28 

24.9 

4.0 

323 

8.51 

1  S3 

24 

35.4 

15.3 

12.1 

243 

27 

42.2 

27.4 

17.1 

500 

tic 

44 

32.4 

14.9 

11.0 

183 

71 

34.3 

17.5 

304 

13.8 

140 

70 

42.4 

23.0 

19.9 

405 

•7 


To  tht  rtlttlvt  plastic  sou#  sits  b*tmo  the  alloys 
at  rp  >  lOOva,  tha  bast  fit  lloa  for  rp  versus  (l/ojp)  passing  through 
tha  origin  for  aach  alloy  la  shown  In  fig.  3.14.  (Alloy  MT  Is  not 
shown  bacausa  Its  low  toughness  aaant  that  crack  extension  occurred 
bafora  a  larga  enough  1  to  give  r^  >ioOya  could  ba  applied.)  Tha  slope 
of  aach  line  In  fig.  3.14  glees  tha  ealua  of  a  f rou  equation  (3.2)  for 
aach  notarial.  Por  tha  high  purity,  Mn  containing  alloys  ML,  Ml  and 
Ml,  values  for  o  are  0.034,  0.023  and  0.023.  It  seeets  significant  that 
a  steadily  decreases  with  Increase  In  Mnganeee  content,  l.e.  0.2vtX 
for  ML,  0.4wtX  for  MK  and  0.4wtX  for  Ml.  Therefore,  a  glean  applied 
stress  Intensity  K  creates  a  smaller  crack  tip  plastic  cons  as  tha 
Hn -bearing  dlspersold  content  of  tha  alloy  la  Increased. 


Optical  micrographs  revealing  tha  grain  structures  of  the  alloys 
are  shown  In  fig.  3.17.  These  photographs  were  taken  using  polarised 
light  after  tha  speclaens  had  bean  anodised  (aoa  Section  2.3).  In  fig. 
3.17(a),  alloy  MT  la  seen  to  base  an  equlaxed  grain  structure  and 
fairly  straight  grain  boundaries.  Alloys  ML,  Ml,  MN  and  MC  also  base 
roughly  equlaxed  grain  structures.  However,  their  grain  shapes  are 
sura  distorted,  with  aeny  of  tha  grain  boundaries  curved  and 
Irregular. 

Another  notable  feature  of  tha  optical  alcrogrephs  Is  tha 
presence  of  coarse  constituent  particles,  as  seen  In  fig.  3.18  far 
alloys  ML,  Ml,  Ml  and  MC.  Alloy  MT  Is  net  shown  because  It  coots Ins 
eery  few  coarse  particles.  However,  tha  other  alloys  show  sn 
Increasing  values  fraction  of  coarse  part  teles,  MLOfftOMQC.  Edwards 


U 


(1981)  used  i  point  counting  technique  on  optical  alcrographa  to 


eatlaate  the  voluae  frectlona  of  coarae  conatltuent  particles  In 
alloys  ML,  Ml  end  NC  es  0. 78Z,  2.0)1  and  1.101,  respectively •  In 
alloys  ML,  W  and  NR,  the  najorlty  of  the  coarse  particles  are 
a-AlMnS  1  lateraetal 11c  phase  which  foraed  during  casting  However, 
alloy  MC  had  a  ouch  higher  Iron  content  end,  therefore  a  greater 
voluae  fraction  of  coarse  particles  due  to  PeAlj  c(Mj  v-AlPeSl.  As  fig. 
3.11  shous,  the  coarse  particles  tend  to  lie  In  transgranular  strings 
oriented  In  the  rolling  direction.  According  to  Eduards  (1961),  this 
orientation  occurs  because  the  coarse  particles  fora  during  casting 
and  lapede  grain  growth  during  hot  working.  After  hot  working,  these 
coarse  particles  generally  lie  along  the  greln  boundaries.  On 
subsequent  cold  working  and  recrystalllsetlon,  new  grelns  nucleate  on 
the  coarse  particles.  Thus,  et  the  end  of  recrystalllsation  and  greln 
growth,  the  coarse  particles  Its  within  the  new  grains. 

3*  5  frectogrephy 


3.3.1  Alloy  NT 

Typlcsl  frecture  surfaces  of  alloy  NT  ere  shown  In  fig.  3.19.  At 
the  low  angnl fleet  Ion  In  fig.  3.19(e),  It  Is  epparent  froa  the  felrly 
flat,  faceted  grains  that  the  creek  path  Is  elaost  roapletely 
Intergranular  Pig.  3.16(b)  and  (c)  are  progressively  higher 

aegnl fleet  Ions  of  the  central  region  of  fig.  3.19(a).  Soos  saall 
regions  of  transgranular  fracture  can  be  seen  In  fig.  3.19(b); 
however,  these  appear  to  be  aerely  an  accosnsodat Ion  process  near  the 
jwact  Ion  of  grelns.  One  begins  to  see  feetures  on  the  grain  facets  In 
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fig.  3.19(b),  features  that  arc  auch  aor*  evident  la  fig.  3.19(c) 
where  greln  fecea  have  e  rough,  fibrous  appearance.  Thl a  rough 
appearance  la  due  to  a  network  o  f  tiny  dlaplee  covering  the 
intergranular  fracture  surfaces.  Theae  dlaptea  are  ahovo  la  fig.  3.20 
for  two  lateraectlag  gralaa.  Alao  apparent  la  a  seconder?  grata 
boundary  creek.  Hore  auch  branch Inga  froa  the  main  crack  are  evident 
In  aeveral  plecea  In  fig.  3.19(a).  Theae  aecondary  cracks  ere 
conalatent  with  the  btfurceted  crack  front  often  observed  In  this 
alloy  In  the  electropoll shed  plastic  tone  speetnena 

In  fig.  3.21,  the  fine  dlnpled  Intergranular  surface  structure  la 
■ore  apparent.  The  diaries.  Irregular  In  shape  but  generally  In  the 
range  O.H.Om  dleuetcr,  also  appear  to  be  eatreaely  shallow  and  flat 
with  a  aeubrane-ltke  wall  foratng  the  aides  of  the  cusp.  Of  particular 
note  are  the  0.1  to  0.2wa  particles  present  In  the  centre  of  aost  of 
the  dtaplea  and  which  elaoet  certainly  serve  ea  the  void  nucleatlon 
altea.  Thus,  the  aeeatngly  brittle  lntergranuler  fracture  of  elloy  KT 
la  seen  on  a  Microscopic  scale  to  be  a  aaall  scale  ductile  rupture 
proceta.  These  voids  grow  out  f rou  the  particles  along  the  plane  of 
the  fft  end  coalesce  by  the  final  rupture  of  e  thin  remaining 
llgaaent . 


Alley  ML  also  fractures  In  e  predominant ly  Intergranular  annner 
•n  seer  In  fig.  3.22(e),  although  the  grains  ere  smaller  than  for 
alloy  NT.  In  ftg.  3.22(b)  end  (c),  the  large  void  froa  the  centre  of 
fig.  3.22(a)  is  shown  et  higher  angnt fleet  ton.  The  surrounding 
intergranular  surfaces  have  the  rough  appearance  caused  by  aaall  scale 
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dimples  aloa(  the  W7  The  lnclualona  which  formed  th«  large  void  in 


fig.  3.22(c)  are  readily  apparent,  fig.  3.23  ahova  several  different 
dimple  sixes  in  the  aaee  region.  The  part  idea  in  the  central  part  of 
the  figure  are  approximately  one  micron  in  diameter.  The  email 
Intergranular  dlmplee  are  ehowr  again  in  fig.  3.24.  Although  not  aa 
clear  aa  for  alloy  HT,  moat  of  the  dlmplee  include  part  idea  of 
almllar  size  to  thoee  in  HT  Many  of  the  dlmplea  are  parabolic  with 
particles  near  one  end,  indicating  that  this  particular  region 
probably  separated  by  either  ahearlng  or  tearing  movement  of  the 
gralna  (Iroek,  1971).  However,  except  for  the  alightly  larger  amount 
of  large  voids  on  the  fracture  surface,  the  micromeehanlan  of  fracture 
for  alloy  ML  la  the  same  aa  alloy  MT,  l.e.  ductile  rupture  along  the 
intergranular  PPZ. 

3.3.3  Alloy  tti 

A  low  magnification  view  of  an  alloy  Mf  fracture  surface  is  shown 
in  fig.  3.23(a).  Its  tortuous  topography  compared  to  alloy  ML  is  due 
to  its  larger  proportion  of  tranegranular  ductile  rupture  around 
coarse  particles  and  a  more  distorted  grain  structure.  At  slightly 
higher  magnification  (fig.  3.25(b))  it  can  be  seen  that  the  majority 
of  the  fracture  surface  is  still  Intergranular  ductile  rupture  alomg 
the  irregular  grain  boundaries.  In  fig.  3.23(c),  several  large  dimples 
containing  inclusions  are  surrounded  by  regions  of  small  dimples.  The 
Intergranular  ductile  rupture  regions  are  not  shown  separately  for 
alloy  as  they  are  essentially  the  same  as  for  alloy  ML. 
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3.5.4  Alloy  m 


Major  features  on  the  fracture  surfaces  of  alloy  •#  are  basically 
the  sane  as  for  alloy  »  These  are  illustrated  ia  figs.  3.2b  to  3.29. 
At  the  low  aagolf lcation  ia  fig.  3.24(a),  the  HP  fracture  surface 
seems  to  be  composed  of  patches  of  large  dimpled  ductile  rupture 
separated  by  latergranular  fracture  regions.  Figs.  3.24(b)  and  (c) 
show  the  large  inclusion  related  dlaples  and  the  snail  latergranular 
ductile  rupture,  respectively ;  sow  intermediate  sire  dlaples  can  also 
be  seeu  la  fig.  3.24(b).  Particles  are  evident  in  the  high 
aagnif lcation  view  of  the  HH  intergranular  fracture  surface,  fig. 

3.27.  Two  types  of  inclusion  initiated  voids  were  observed.  In  fig. 

3.28,  the  large  central  inclusion  created  a  void  which  grew  with  a 
large  aaount  of  associated  local  plasticity  forming  a  large  cusp. 
Alternatively,  the  inclusion  in  fig.  3.29  has  apparently  aeparated 
fron  the  matrix  along  its  Interface,  but  there  has  been  little  void 
growth  before  final  fracture.  In  fact,  this  dimple  appears  to  be  Just 
a  larger  case  of  the  small  dimples  of  the  fFI  type  that  surround  it. 
It  is  concluded  that  this  inclusion  lay  la  or  very  near  to  a  grain 
boundary  PFZ  and  contributed  to  the  TfZ  ductile  rupture  in  the  sane 
nanaar  as  the  small  particles  in  fig.  3.27.  However,  the  majority  of 
inclusion  related  dlaples  were  of  the  type  shown  in  fig*  3.28 


Typical  features  of  alloy  HC  fracture  surfaces  are  shown  in  figs. 
3.30  and  3.31.  Aa  can  be  seen  from  fig.  3.30(a),  alloy  NC  displays  a 
larger  amount  of  transgrenular  ductile  rupture  than  the  other  alloys. 
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Three  general  range*  of  dimple  alte  appear  tn  fig.  3.30(h).  Several 
Inclusion*  can  he  seen  In  the  larger  dimples,  and  region*  of  fine 
Intergranular  dimples  are  alao  present.  Often  these  two  type*  are 
Joined  be  mall  regions  of  Intermediate  else  dlnplea.  These  variation* 
In  dimple  sire  are  also  evident  at  the  slightly  higher  magnification 
In  fig.  3.30(c).  Finally,  the  fine  Intergranular  structure  of  alloy  HC 
In  fig.  3.31  clearly  contains  fine  (—  0.1pm)  particles  lying  In 

shallow  dimples  of  the  l-Stm  diameter. 

1.5.1  Summary  of  Fractography 

Evidence  gained  f  om  the  f ract ©graphic  analysis  of  regions  of 
crack  extension  on  compact  tension  specimen*  Indicates  that  altering 
the  composition  of  the  ternary  Al -0 . 6wt  XMg-l .OwttSl  alloy  affects  the 
adcroaechanlsm*  of  crack  advance.  The  two  major  mechanism*  which 
operate  are  Intergranular  ductile  rupture  and  transgranular  ductile 
rupture.  Although  a  macroecoplcally  brittle  process,  the  Intergranular 
fracture  occurs  by  the  ductile  rupture  sequence  of:  void  nuc lest  Ion  at 
sub-micron  site  particles  In  the  FFZ;  void  growth  along  the  FT 1;  and, 
ultimately,  void  coalescence.  This  process  follow*  a  low  energy 
ductile  rupture  path  because  the  alse  of  the  FF7  limits  the  volume  of 
material  subjected  to  large  plastic  deformation.  In  general,  the 
transgranular  ductile  rupture  begins  by  void  nuc lest  ion  at  large 
()3~10pm)  Inclusions  Because  of  the  tendency  for  Inclusion*  to 
congregate.  It  Is  difficult  to  state  whether  the  voids  form  due  to 
cracking  of  single  Inclusions  or  to  debonding  at  the  locluslon-swtrlx 
Interface.  As  the  alloy  composition  Is  changed  by  adding  Hn  and  (In 
the  ease  of  HC)  Ft,  the  degree  of  transgranular  ductile  rupture 
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tncrcaaea  accordingly.  The  araa  free t tone  were  eatlaated  jalng  a  point 
count  technique  deacrlbed  in  Section  2. ft.  The  reaulta  are  shown  in 
Table  3. ft. 


Table  l.ft 

Cat  lea ted  area  fraction  of  tranagranular  ductile  rupture  fracture  aode 
on  coepact  »enaton  fracture  aurfacea. 

Alloy  1  Tranagranular  Ductile  Rupture 
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Figure  3.2 

engineering  tercet  vertut  engineering  ttrcln. 
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In  not chad  tensile  taat  record  of  load  versus 
displacement  for  several  value*  of  I.  The  tuaplti 
for  alloy  ffl.  Values  of  *  are  glean  In  fig*  2.9. 

Specimen  Initial  Diameter  (■* ) 

1  8. 50 

2  8.0i 

3  8.12 


) 


Effective 


(a) 

Alloy  MT 

a/« 

(fc) 

Alloy  ML 

a/V 

U) 

Alloy  m 

a/V 

(4) 

Alloy  m 

a/V 

(•) 

Alloy  MC 

a/V 

re  3.8 


re 'tut  load  line  displacement 
at  alnilar  ealuee  of  a/V. 


0.3288 

Aa 

-  2.13m 

0.3188 

Aa 

-  0.19 aai 

0. 3404 

Ae 

-  0.72m 

0.51t0 

Aa 

-  0.47m 

0.3143 

Aa 

•  0.38m 

t 


rigur«  y.f 

hftrlWAUtlr  ItttraltMd  J-lntagral  wn«i  Mwwt  of 
eateaalon  rMiitisc*  lln«a. 

(a)  Alloy  NT 
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Superlapoeed  crack  tip  plastic  ten*  froa  apeclaen*  loaded  to 
different  value*  of  k. 
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figure  3.n 

bawndary  N^tntlM  (atcrecracka)  la  fraat 
of  the  aarroecoptc  crack  tip. 
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foiilkli  firmuri  for  ^Uttie  ton*  alto  ci 


(a)  Art*  of  th*  fltatlc  ton*  In  front  of  th*  crack  tip. 
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Optical  slcrographa  allowing  coaraa  conatltuant  partlclaa. 
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fl|ur«  1.11 

Frccture  surface  of  alloy  MT . 

(a)  Low  aegnlf Icatlon  eiev  of  latargranular  fracture 

(b)  Sue  ae  (a).  Higher  magnification. 

(c)  Same  as  (b).  Higher  aagnl fleet  ion. 


blaplti  on  intergranular  fracture  eurface.  Alloy  KT 


figure  3. 21 


Dlnples  on  the  Intergranular  fracture  eurface.  Alloy  KT. 


M|uf«  3.22 


Fracture  surface  of  alloy  ML. 

(a)  Low  aagnlf lcatlon  vltw  of  predoalnant ly 

Intergranular  failure. 

(h)  Higher  aagnlf  lcatlon  of  central  region  of  (a). 

(c)  Large  particle  and  aeaoclated  dlaple  froa  (k). 
Fine  Intergranular  dlaples  are  aleo  evident. 
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Fracture  surface  of  alloy  Kl  with  Httrai  different 
sites  visible. 


Figure  3.2* 
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01 spies  on  Intergranular  fracture  surface  of  alloy  ML 


Figure  3.25 

Fracture  surface  of  alloy  !«. 

(a)  Low  magnification  view  of  fracture 

showing  both  Intergranular  and  ductile 
regions. 

(b)  Higher  magnification  with  fine  scale 
apparent  on  the  intergranular  surfaces. 

(c)  Inclusions  and  ssociated  ductile 
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Figure  1.2b 

Fracture  aurfaca  of  alloy 

(a)  Law  aegnlf teat  ton  showing  both  intergranular  and 
ductile  rupt.tr a  regions. 

(b)  Higher  Magnification  showing  flna  acala  faaturaa 
on  Intargranular  fracture  surfaces. 

(c)  Dt styles  on  Intargraoular  fracture  surface. 


Dliplti  containing  particles  on  Intergranular  fractura 
surface  of  alloy  Mi* 


Olaple  foraed  by  large  aeount  of  local  plasticity  around  an 
inclusion.  Alloy  Ml. 
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Practura  surfaea  of  alloy  HC. 

(a)  Low  Magnification  ahowtng  Intergranular  and 

ductile  ruptura  reglont- 

(k)  Higher  Magnification  showing  faaturaa  on  tha 
Intergrauular  fractura  surface, 
fc)  Clustar  o'  laclustona  and  aaaoclatad  larga 
dlnple. 


Dtnples  containing  particles  on  Intergranular  fracture 
surface  of  alloy  HC. 


Chapter  4 


DISCUSSION 


4.1  Hlcrostructural  f«itum 

Sloe*  later  discussion  explains  changes  In  macroscopic  parameters 
and  crack  extenalon  nechanlana  In  term*  of  mic root  rue turn,  It  Is 
appropriate  now  to  aumsurlz*  the  salient  mlcroetructural  features  of 
the  allops  studied.  These  features  Include  grain  size,  particle 
analysis  (precipitates,  dlapersolda  and  Inclusions)  and  grain  boundary 
structure  (grain  boundary  precipitates  and  precipitate  free  zones 
P?Z). 

Alloy  NT,  essentially  dlspersold  and  Inclusion  free,  has  equlexed 
grains  of  approximately  200pm  diameter  with  essentially  straight  grain 
boundaries.  Alloys  ML,  Ml  and  NR  contain  Increasing  amounts  of 
manganese,  which  forms  Incoherent  lntcrmetallle  particles  of  the 
a(Al|3Hn)Sl)  phase.  The  majority  of  the  rod  shaped  dlapersolda  are 
approximately  0.1pm  In  diameter,  although  aoms  coarser  5pm  particles 
of  the  aim*  phase  have  bean  observed  (Dowling,  1975);  the  grain  alzea 
of  the  dlspersold  containing  alloys  are  similar  (70  -  100pm).  The 
grains  are  slightly  elongated  In  the  rolling  direction,  and  the  grain 
boundaries  are  more  distorted  than  In  the  ternary  alloy  NT  Alloy  NC, 
the  commercial  purity  equivalent  of  alloy  W,  has  a  higher  Iron 
content  which  results  In  the  formation  of  particles  of  FeAlj  an(j 
a-AlfeSl .  The  majority  of  the  Iron  Induced  particles  are  coarse 
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Inclusion*  ()  -  10m),  but  the  mluM  fraction  of  diiptriold  slsc 

particles  will  also  be  increased. 

All  the  alloys  were  tested  In  the  peak  aged  condition,  l.a., 
containing  a  fine  ageing  precipitate  of  Hg^Sl,  grain  boundary 
precipitates  and  precipitate  free  tones  adjacent  to  the  grain 
boundaries.  In  slallar  alloys,  Dowling  (197))  found  the  PFZ  to  be 
O.lwa  wide  and  constant  with  dlsperaold  content,  Frlnce  (1977) 
detected  two  types  of  particles  In  the  grain  boundary  wad  concluded 
that  these  were  dlspersotds  and  grain  boundary  precipitates.  Fig.  A.l 
shows  two  TtM  alcrographs  taken  by  Prince  of  his  alloy  A  (MH)  that 
Illustrate  the  typical  structure  of  the  dlspersold  containing  alloys. 
Dowling  (1975)  proposed  that  the  0.1m  dlspersold  particles  control 
the  deformation  aechanlsa  of  these  alloys  through  homogenisation  of 
slip.  The  results  of  Chapter  )  will  be  discussed  in  that  context. 

A. 2  Unnotched  Tenallc  Teats 


A. 2.1  Field  5tr« 


An  Initial  objective  of  the  present  work  was  to  Invast lgate  the 
atfact  of  dlspersolds  on  c'ack  extension  aechanlsaa  In  alloys  of  the 
a»ae  yield  strength.  This  slallarlty  of  yield  strength  was  essentially 
achlavad  for  the  dlspersold  containing  alloys.  In  which  varies  froa 
309HPa  to  323hPa  (Table  3.1).  However,  alloy  KT  yields  at  279*Pa. 
Although  the  individual  alcroetrvctural  contributions  to  the  yield 
strass  arc  difficult  to  quantify,  the  prlaary  contributors  are  the  age 
hardanlng  precipitate  and  the  grain  sire.  Alloy  compositions  were 
chosen  to  produca  slallar  volume  fractions  of  Mg^Sl  in  the  peak  aged 
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condition.  Although  ths  poet-cold  work  recrystellltet lon/solut Ion 
treatment  tine  w<«  much  briefer  for  HT  then  for  the  other  el  oya  (ace 
Ch.  2),  the  Hg  mi  held  In  aolld  aolutlon  by  the  one  hour  aolutlon 
treatment  before  cold  work.  Since  Edvards  (1981)  obtained  e  yield 
etreaa  of  30JHPe  for  elloy  MT  he ring  e  grain  cite  of  125ym,  the  lover 
yield  atrength  of  elloy  Kf  in  the  present  study,  ea  on pared  to 

I 

dlsperaold  containing  elloya,  would  appear  to  be  mainly  due  to  the 
grain  else  being  larger  by  approximately  I20u*.  The  magnitude  of  thle 
effect  can  be  eatlmated  ualng  the  Hall-Petch  relation  (Rail,  1951, 

Patch,  1953) 


( 
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oo  +  kfd 


_i  it 
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where  oQ  j,  the  realatance  to  flow  in  the  grain,  d  la  the  grain 
llcacttr  and  k^  «  constant  associated  with  the  propagation  of 
deformation  across  the  grain  boundary.  Erensen,  Kyua  end  Embury  (1975) 

estimated  kf  ^  Al~Mg*Sl  alloys  to  be  0.7HN/mJ  Thus, 
Increasing  the  grain  else  of  KT  from  80 ye  to  200 ye  would  theoretleelly 
decreese  lta  yield  stress  by  29KPe  and  adequately  account  for  the 
observed  value  lower  than  the  dlsperaold  containing  alloys.  Due  to 
their  alse  and  small  volume  fraction,  the  O.lue  Incoherent  dlspersolds 
should  only  slightly  increase  the  alloy  yield  strength  and  work 
hardening  rate. 


A . 2 . 2  Work  Hardening  Kates 

Referring  to  fig.  9*3,  the  work  hardening  exponent  N  does 
tncreese  with  dlsperaold  content,  l.e.  8*0. 051  for  elloy  HL  increasing 
to  0.082  for  elloy  Iff.  While  this  Increase  is  not  large  In  absolute 
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term*,  it  doe*  represent  *a  Increase  of  approximately  22X  These 
results  are  consistent  with  those  of  Dowling  (t9)'5)  and  reflect 
contributions  to  the  work  hardening  rate  due  to  the  grain  else  and  the 
dlspersold  else  and  distribution.  The  grain  else  effect  caa  be 
estimated  using  the  approach  of  Ashby  (1970).  The  ratio  of  the 
observed  work  hardening  rate  at  a  constant  strain  for  smterlale  of 
different  grain  slses  Is  gives  by 


where  d,  atvj  ^  are  the  grain  sizes  of  the  tve  materials.  This  ratio 
for  alloys  KL  (d*W»m)  and  MK  (d»79j«)  Is  1.12.  Thus,  the  grain  sire 

acc  hints  for  approximately  half  of  the  obeer/el  Increase  In  the  work 

hardening  rate.  The  additional  Increment  In  alloy  is  then  due  tc 

the  manganese  bearing  dlspersold*.  In  the  presence  of  coherent  Hg^Sl 
precipitates  alone,  dislocations  cut  through  the  precipitates  and 
produce  local  softening  of  the  slip  plane  by  reducing  the  effective 
cross-sectional  area  of  the  precipitates  (Clelter  and  Hornboger ,  19*7; 
Hornbogen  and  Zua  Cahr,  1975).  however,  the  incoherent  dlspersold 
particles  are  not  sheared  and  dislocation  debris  form*  around  the 
particles.  Thus,  the  slip  bends  work  harden  end  alternative 

dislocation  source*  operate.  As  Dowllog  (1975)  points  out,  the 

Influence  of  the  dlspersold*  on  the  work  hardening  rate  is  s  subtle 
effect  In  these  slloys. 
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4.2.3  Fracture  Strains 


Dowling  (1975)  contains  an  extensive  discussion  of  the  tensile 
ductility  and  deformation  structure  of  her  alloye  BD3,  BDfc  and  BOB 
(essentially  equivalent  to  MT ,  ML  and  >0,  respectively).  Her  results 
are  consistent  with  those  of  the  present  study  In  that  alloy  MT 
fractures  at  quite  low  strains  (0.08  for  MT,  see  Table  3.1)  while 
alloys  ML  and  1*1  show  similar  strains  to  fracture  (ff»0.24  and  0.26, 
respectively).  Dowling  proposed  a  model  based  on  the  Interdependent 
effects  of  dlspersolds  and  Inclusions  on  the  ductile  rupture 
mechanisms  of  void  Initiation,  growth  and  coalescence.  According  to 
this  model,  voids  Initiate  at  coarse  particles  (~  3um)  at  lower 
strains  la  BOB  than  In  BOB  due  to  Its  containing  a  greater  volume 
fraction  of  these  particles.  However,  0.1pm  dlspersolds  do  not  void 
until  s  very  Late  stage  la  the  deformation,  and  they  Inhibit  the 
growth  of  voids  Initiated  at  the  coarse  particles.  Consequently,  the 
higher  volume  fraction  of  dlspersolds  In  BOB  accounts  for  Its  slightly 
larger  fracture  strain  over  BOB.  While  this  appears  to  be  a  realistic 
model.  It  does  not  account  for  the  significantly  larger  fracture 
strains  of  alloy  MC  In  the  present  study  (ef-0.40).  Alloy  HC,  the 
cossserctal  purity  equivalent  of  alloy  Ml,  contains  0.27wtZ  Fe  which 
significantly  Increases  the  number  of  coerse  constituent  particles. 
Also,  the  volume  frectlon  end  composition  of  the  dtspersolde  ere 
altered  (Edwards,  1981).  According  to  the  Dowling  model,  the  major 
effect  of  the  added  Iron  would  be  to  decrease  the  fracture  strain  by 
Increasing  the  'number  of  voids  Initiated  at  low  strains.  Since  this 
was  aot  observed  la  the  present  study,  additional  factors  may  bs 
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Involved 


Irock  (1972)  Investigated  fracture  processes  In  thirteen 
aluminium  alloys  He  observed  that  large  particles  could  lnltletc 
voids  et  small  strains  of  the  order  of  e  few  percent.  However,  since 
final  fracture  occurred  at  strains  of  the  order  of  25X,  he  concluded 
that  largs  Inclusions  would  decrease  ductility  but  were  net  essential 
to  the  fracture  process.  However,  It  seeea  significant  that  the  largs 
particle  voiding  referred  to  by  Broek  was  due  to  fractured  inclusions. 
Told  formation  by  the  decohesion  of  the  particle-matrix  interface  was 
observed  et  a  few  Isolated  particles  In  e  few  specimens  anly.  As 
Inclusions  have  not  been  obeerved  to  fracture  In  the  present  alloys, 
the  strength  of  the  particle-matrix  Interface  aust  be  the  controlling 
factor  In  void  nuclestlon. 

Decohesion  of  the  Inclusion-matrix  Interface  depends  on  the 
aaxlmum  stress  normal  to  the  Interface  end  would  therefore  be  expected 
to  be  sensitive  to  the  local  stress  trlaxlallty  which  occurs  (n  the 
necked  region  of  the  tensile  test  specimens.  Rowe/er,  the  dimensions 
of  the  unnotched  tensile  specimens  (see  fig.  2.8)  were  too  small  to 
allow  development  of  large  hydrostatic  stress  components  In  the  notch. 
Thus  It  eppeers  that  the  Lack  of  constraint  In  the  tensile  tests  of 
alloy  VC  prevented  the  delctcrtous  effect  of  void  nucleetlon  et 
Inclusions  from  overshadowing  the  beneficial  effect  of  the  larger 
volume  fraction  of  dtspersotd  stxe  particles.  Corroborating  evidence 
for  this  suggestion  was  obtained  from  the  notched  tensile  tests. 

4.3  Hotched  Tensile  Specimens 

Results  for  notched  tensile  tests  are  given  In  fig.  3.7  era  Table 
3.2.  Tarletlone  of  the  fracture  strata  t(  M  «  function  of  the  stress 
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trlexlsllty  for  all  the  alloys  ara  shown  In  fig.  *.2.  For  ths 

rang*  of  stress  trlaxlall ties  tested,  fracture  strains  for  alloys  *fT , 
ML,  Ml  and  Ml  reflect  Increasing  ductility  with  dlsperaold  content. 
This  definite  separation  between  the  alloys  la  la  narked  contrast  to 
the  slsillar  fracture  strains  of  alloys  ML ,  Ml  and  Ml  la  the  unnotched 
tensile  tests.  Considering  the  Dowling  nedel  and  the  effect  of  stress 
trlexlsllty  on  void  nucleatlon  at  Inclusions  discussed  In  the  previous 
section,  one  would  predict  that  the  larger  Inclusion  content 

»HH>MH>HL1  would  have  a  stronger  Influence  on  fracture  strain  as  the 
stress  trlaxlallty  la  Increased.  This  concept  appears  to  be  reinforced 
by  the  grearer  rates  of  decrease  la  fig.  4.2  with  coarse  particle 
content,  but  does  not  satisfactorily  account  for  the  considerably 
higher  fracture  strains  with  dlspersold  content.  Dowling  based  her 
model  on  the  ductile  rupture  mechanisms  of  void  nucleatlon,  growth  end 
coalescence  as  the  donlnant  fracture  nechanlsn  In  alloys  BD4  and  §D8 
However,  Prince  and  Hartln  (1979)  concluded  that  these  alloys 

fractured  In  a  predoalnantly  Intergranular  nanner.  kesults  for  the 
peresntag  of  ductile  rupture  on  fracture  surfaces  frost  the  present 
study  (see  Table  1.4)  tend  to  reinforce  the  view  of  Prince  and  Hartln. 
They  propose  that  fracture  occurs  because  slip  bands  lnplnge  on  grsln 
boundaries  causing  local  strain  concentrations  which,  at  none  critical 
value,  nucleate  voids.  Sigh  aagnlf lcatlon  fractographs  of  the  alloys 
In  the  present  study  (e.g.  fig.  3.31)  confirm  that  the  Intergranular 
failure  nechanlsn  begins  with  void  nucleatlon  at  grain  boundary 
particles. 

Prince  and  Hartln  suggest  that  the  dlspersolds  Inhibit  this 
lntargrsnular  ductile  rupture  aechanlea  both  by  reducing  the  grain 
size  and  also  by  homogenising  slip.  A a  with  ductile  rupture  at  coarse 
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lnclualona,  a  trlaclal  atraaa  atata  tnfluencea  tha  Intergranular 
ductile  rapture  aechanlan.  Tha  notched  Canalla  raailta  ara  thua 
eonalatent  with  thia  view.  That  la,  la  tl.a  trlaclal  atraae  (laid  of 
tha  notch,  dlaperaolda  lacraaaa  tha  requlatte  oaeroacoplc  attain  to 
fractura  by  honogenltlng  allp  and  thua  radoclag  tha  atraaa 
concant rat  Iona  at  tha  polnta  where  tha  allp  band a  laplnga  >o  tha  grain 
boundarlea. 

Tha  tanalla  taat  raaulta  tharafora  auggaat  that  tha  donlnant 
fractura  aechanlan  of  grain  boundary  ductlla  mptura  requtrea  a 
critical  coafelnatlon  of  local  atraaaaa  and  atralna  for  void  nuclaatlon 
at  grain  boundary  partlclaa  and  aubaequent  void  growth  and  coalaacanca 
along  tha  ITT . 

Cona Ida ring  now  tha  raaponaa  of  alloy  NC  to  atraaa  atata.  It  la 
claar  from  fig.  4,2  that  thla  alloy  ahova  a  aharp  dacraaaa  In  fractura 
atraln  at  tha  hlghaat  atraaa  trlaalallty.  Thla  la  undaratandabla  In 
vlev  of  tha  graatar  coaraa  part lc’a  content  and  tha  lncraaaad 
proportion  of  trenagraaularductl la  ruptura  aatht^lan  In  thla  alloy.  In 
contraat  to  tha  unnotched  tanalla  raaulta  kor  alloy  HC,  vhara 
conatralet  In  tha  nack  vaa  low,  tha  aharply  notched  tanalla  apeclaene 
provide  aufflclant  conatralnt  to  elevate  tha  atraaaaa  at 
lnclualon-vatrls  lntarfacaa,  and  cauae  void*  to  Initiate  at  lover 
atralna.  Told  growth  la  alao  atrongly  dependant  on  hydrcetatlc  tenaloa 
OtcCUntock,  1T71;  tic  a  and  Tracey,  1W),  accentuating  tha 
dalatarloua  effect  of  tha  coaraa  ronatltuant  partlclaa  In  tha  notched 
tanalla  apaclnana. 
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*• *  Fracture  Toughness  Parameters 


The  reeletence  Unas  obtained  fron  the  atptrlaantal  values  of  J 
and  &a  ara  plotted  la  fig.  d.J*  The  ductile  fracture  toughness  Jj<t  M 
given  by  the  Intersection  of  the  blunting  line  with  the  reeletence 
line.  Increases  significantly  with  dlspersold  content  (HH>HK>K1->HT). 
(Alloy  MC  util  be  considered  separately  later.)  In  this  Instance  Jjc 
cannot  be  Interpreted  as  a  critical  potential  energy  release  rate  In 
the  sane  way  as  Cjc  yor  (  puniy  elastic  material;  J  can  be  regarded 
as  e  nee sure  of  the  Intensity  of  the  stress  end  strain  fields 
surrounding  the  crack  tip  elthln  the  elestlc-plestlc  region  (Koboyeshl 

at  el.,  197fb).  Thus,  Jjc  does  reflect  the  work,  both  elastic  and 
plastic,  required  for  the  onset  of  crack  extension.  It  therefore  seeno 
that  for  the  alloys  In  the  present  study,  the  Increase  in  ductile 
fracture  toughnees  with  dlspersold  content  reflects  an  Increasing 
dissipation  of  work  li  the  crack  tip  plastic  tone.  As  will  be 
discussed  In  the  section  on  plastic  cone  sice  aeesureaents,  this 
additional  work  does  not  necessarily  go  toward  Increasing  the  sice  of 
the  plastic  cone.  ly  hooogenlclng  the  slip  distribution  the 
dlspersolds  effectively  spread  a  given  nuober  of  dislocations  wore 
evenly  over  e  unit  volutes  of  neterlel.  Th -• ,  e  lerger  defornatloa  of 
that  voluns  of  notarial  la  required  before  local  criteria  for  crack 
ectenelon  are  satisfied. 

The  ductile  frecture  toughness  of  alloy  HC  la  slightly  lower  then 
for  MR,  even  though  whs  dtspereotd  content  Is  higher,  because  the 
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alco  mechanism  of  crack  ut«ailo«  Inralm  significantly  more  cosnt 
particle  ductile  rupture.  In  a  compact  tanalon  specimen,  the 
decohealon  enclave  slightly  la  front  of  the  crack  tip,  described  by 
Boyd  (see  Sect.  1.5.1),  contains  a  highly  trlaxlal  stress  field 
slallsr  to  the  sharply  notched  tensile  speclaens.  The  response  of  the 
ductlltty  of  alloy  HC  to  the  stress  trlaxlellty  Indicates  the.  voids 
Initiate  earlier  at  the  coarse  inclusions  in  the  decohesion  enclave. 
The  local  stress  trlaxlallty  also  favours  void  growth  and  coalescence. 
Therefore,  the  additional  contribution  of  ductile  rupture  at  coarse 
particles  to  the  stlcro-nechanl  sa  of  ductile  rupture  along  the  PTZ 
causes  crack  extension  to  occur  at  low«r  values  of  J. 

1.1.2  Comparison  of  J  with  K 

An  objective  of  Jie  testing  Is  to  obtain  a  toughness  aeasureosot 
on  mil  laboratory  specimens  tiet  can  be  applied  to  large  scale 

components.  However,  lj£  represents  a  lower  bound  toughness  and  can  be 
used  directly  for  Materials  select  Ion  through  the  calculation  of  the 
stress  Intensity  factor  for  the  design  geometry,  which  la  not  yet  the 
case  for  J.  One  method  available  to  convert  experimental  values  to 
corresponding  Kj  vt|MI  i»  to  use  the  UfM  *  (l.*l)  giving 

-  j\ncij"  <*•*> 

Some  Investigators  have  found  good  agreement  between  lj  based  on 

Jlc  and  an  experimentally  measured  KIc  (e.g.  Logsdon,  1926).  For  the 
alloys  In  the  present  study,  a  valid  Kje  „„  ^  obtained.  KQ  values 
were  found  to  very  with  crack  length  and  ee  are  not  geometry 
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Independent  aeterlel  pareaeters.  Rnever,  when  taken  at  elallar  crack 
eng the,  tq  provides  a  useful  ranking  tor  the  alloys  atudlad  and  an 
onrritlutlon  of  lj{,  The  coaparteon  of  KJ  to  U)  for  all  the  alloya 
la  node  In  Table  4.1. 

table  4.1 

Comparison  of  Kq  *ng  gj 


Alloy 

*Q  (MPafi) 

KJ  (MPa /a) 

U/LQ 

KT 

2t.  2 

25.7 

1.05 

ML 

35.5 

35.1 

1.05 

MM 

35.4 

44.5 

1.12 

m 

43.4 

41.7 

1.12 

M C 

41.2 

47.4 

1.14 

It  la  apparent  that  Kj  consistently  greater  than  KQ  which  can 
be  eeeuaed  to  be  greeter  than  Kje.  gjeo,  the  relative  difference 
ircreasvs  ee  the  toughness  goae  up ,  ee  Indicated  by  *j/Kq.  Thaae 
reeolte  are  net  eurprlelng.  They  elnply  Illustrate  that  the  LEFM 
equation  cannot  be  relied  upon  whan  L£PH  eetuapt loea  no  longer  apply. 
In  these  alloys,  calculation  of  e  critical  stress  Intensity  factor 

?rom  J|c  yields  e  nee-eonservettve  value  because  Jic  rapra sente  both 
eleetlc  end  plastic  work  terns,  as  will  be  seen  In  the  next  section. 
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*****  Comparison  of  J  with  C 


For  totally  tlutlt  situations,  J  t^utli  C,  vhtrt  C  la  tha  crack 
extension  forca  discussed  la  Ch.  1.  However,  It  ta  laaa  claar  what 
ralatlon  thaaa  Kara  In  tha  elaetic-plaet ie  caaa.  Louat  and  Criffltha 
(11(2)  consider  thla  point  fro*  tha  view  that  a  raal  crack  la  a 
combination  of  a  perfectly  elastic  crack  aad  a  plaatlcally  relaxed 
crack  that  la  surrounded  by  alaatic  malarial.  They  propose  that  tha 
crack  la  bald  In  equilibrium  by  a  point  forca  C  applied  to  the  crack 
itaelf  and  by  a  forca  F  arising  fro*  raalotanca  to  dislocation  motion 
la  tha  plaatlc  tone.  Using  the  raault  of  Eahalby  (1951  and  1975)  that 
tha  J-lntegral  m-taauraa  the  component  In  tha  direction  of  crack 
advance  of  tha  total  forca  on  all  alaatic  singularities,  Lou at  and 
Criffltha  derive  tha  general  relation 

J  -  C  +  F  (*.4) 

Thla  J  meeaurea  tha  rata  of  change  of  eyata*  energy  with  crack 
advance  and  doe*  not  Include  tha  climb  forces  on  edge  dislocations 
which  are  assumed  to  do  mo  work  In  tha  deformation  involved  In  the 
experimental  determination  of  J.  The  term  F  la  tha  scalar  sum  of  nil 
dislocation  glide  forces  in  the  direction  of  crack  advance.  For  the 
particular  model  of  a  single  ended  crack  In  mode  1  loading,  Lomet  and 
Criffltha  determine  that 

f  m  °*2«y«  (4.5) 

Therefore, 

C  -  J  -  0.2oyg  (g.g) 

Although  the  numerical  coefficient  in  eq.  (4.5)  la  dependent  on  the 
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assuaptlons  of  the  node 1,  the  solidity  of  (4.4)  con  bo  checked 

using  the  experlaental  results  in  the  present  study,  i.e.  Jjc  n  #B<J 

*0,  the  CTOD  st  the  onset  of  crack  extension.  The  net hod  used  to 
dttttslM  <0  he  discussed  In  the  oext  section.  Table  4.2  contains 

the  results  of  eq.  (4.4). 

Table  4.2 

®erlt  ■  JIc  *  0.2oydo 


Alloy 

Jlc 

«y 

do 

Ccrlt 

KC 

*Q 

(R/aa) 

w/wm*) 

(■a) 

<b/au) 

(MTe/S) 

CM  fa/h) 

KT 

11.2 

2 74 

0.060 

7.15 

24.6 

28.2 

Ml 

14.5 

318 

0.070 

15.0 

34.0 

35.4 

MM 

25. 2 

310 

0.075 

20.6 

34.8 

34.6 

MR 

30.2 

323 

0.042 

24.2 

45.2 

43.6 

HC 

26.6 

304 

0.081 

21.6 

40.8 

41.2 

Thus,  according  to  the  Louet  and  Crlfflthe  analysis,  the  C  la  eq. 
(4.6)  and  Table  4.2  represents  the  elastic  force  acting  on  the  crack 
Itself,  sad  they  propose  that  the  fracture  criterion  for  e  particular 
notarial  Is  the  attalaneat  of  e  critical  wise  of  C.  Since  a  crack  has 
no  ease,  it  is  difficult  to  interpret  the  physical  significance  of  C 
vhen  defined  as  a  creek  drteiag  force.  It  is  tenpttng  to  return  to 
Irvin's  original  definition  of  C  as  the  elastic  energy  released  per 
unit  area  of  aev  crack  surface.  In  either  cose.  It  is  clear  that  C£fjt 
Increases  with  dlopersold  content  In  the  present  alloys  in  the  sane 
•anner  ••  ^ie.  It  Is  Interesting  to  note  tha*.  Ccrlt  is  of  the  order  of 
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which  1*  toTexperted  from  (4.6)  tad 

J  “  *°y d  (4.7) 

for  •“! ,  as  In  th«  fti|dtlt-KS  crack  At«tn  using  the  LFFh  squat  Ion 
(1.41),  C  can  be  converted  to  s  strsss  Intensity  factor,  Kc<  tuj 

cosytti4  to  tha  experimental  Those  raluti  srs  also  shown  In  Table 

4.2  and  plotted  la  fig.  4.4.  The  excellent  agreement  between  K q  anq  gp 

for  all  the  alloys  may  be  due  primarily  «o  the  fortuitous  choice  of 
the  numerical  coefficient  la  eq •  (4.5).  However,  the  C  fracture 

criterion  proposed  by  Louat  and  Griffiths  makes  the  essential  point 
that  the  experimental  J  reflects  both  the  elastic  energy  release  rate 
and  the  energy  expended  to  dislocation  notion.  The  fact  that  tJ| 
discussed  In  the  previous  section,  la  consistently  larger  than  Kq 
futher  confirmation  of  this  point. 

4.4.4  Detecting  the  Onset  of  Crack  Extension 

The  Interpretation  of  experlaental  J  and  K  values  as  determined 
from  a  plot  of  load  against  load  line  displacement  la  more  meaningful 
as  fracture  criteria  If  the  praclac  point  of  crack  extension  la  known. 
For  brittle  materials,  this  point  may  be  Indicated  by  a  sharp  drop  In 
the  load  as  the  crack  extends.  However,  the  smooth  change  In 
compliance  for  cleetlc-plwstlc  materials  makes  the  point  of  crack 
extension  more  difficult  to  define.  In  other  than  very  thin  specimens, 

surface  observations  are  unreliable  because  the  crack  front  usually 

$ 

moves  forward  first  at  the  siddle  of  the  section.  Another  method  which 
has  been  used  successful ly  for  crack  length  asssurement  la  the  change 


In  electrical  potential  caused  by  crack  extension  when  a  constant 
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current  la  applied  acroaa  the  remaining  ligament.  Such  a  aethod  la 
deacrlbed  for  a  conatant  D.C.  power  eupply  In  Irltlah  Standard  DD19 
(1972).  A  elaultaneou*  record  of  load  veraue  electrical  potential 
acroaa  the  llfaaenr  la  predicted  to  change  alope  at  the  onaet  of  crack 
extenalon.  Thla  aethod  vaa  atteapted  la  the  preaeat  *t«y  hut  vaa 
uaaucceaaful.  Although  there  appeared  to  he  a  change  la  alope  at  about 
rhe  point  of  expected  crack  extenalon,  exceaalee  nolae  la  the  voltage 
algnal  aade  It  lapoaalble  to  determine  accurately  the  load  at  which 
the  change  la  alope  occurred.  The  nolee  wax  caueed  by  teaperature 
fluctuatlona  at  the  potential  aeaeurlag  probe*  on  the  apeclaen 
aurface.  Since  the  electrical  potential  algnal  la  Inherently  email  lc 
alualnlua  alloya,  a  SO  amp  current  provided  eufflclent  algnal  after 
1000X  aapllf lent  Ion,  but,  not  aurprlalngly ,  ralaed  the  teaperature  of 
the  apeclaen  above  4SoC.  Difficult!**  In  maintaining  a  conatant 
apeclaen  teaperature  cauaed  thla  direct  aethod  of  determining  the 
onaet  of  crack  extenalon  to  be  abandoned.  Drue*  (1981)  alao  found  the 
potential  drop  aethod  to  be  jnrellable  In  hla  teat*  on  C-Mn  ateel. 

Lacking  a  direct  aethod  for  detecting  the  point  on  the  load-load 
tin*  dlaplaceaeat  trace  correapondlng  tc  crack  extenalon,  an  Indirect 
aethod  vaa  uaed.  Once  the  value  of  the  J  Integral  at  Incipient  crack 
growth  we*  determined  for  a  particular  alloy,  *q>  (2.8)  vaa  uaed  to 

calculate  the  area  A0  under  a  particular  load-load  line  dlaplaceaeat 
trace  correapondlng  to  the  onaet  of  crack  growth,  l.e. 

\>  -  i-*V  Jjc*b  (8.®) 

l+a  2 

The  point  am  the  trace  that  gave  thla  area  vaa  defined  a*  the 
point  of  crack  extenalon  onaet  and  value*  for  the  load  at  onaet  F0  and 
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lo«d  ine  displacement  ®llo  thus  determined.  Po  mas  converted  to  a 
stresa  Intensity  factor  at  ooaet  tQ  rlg  (2.5).  The  crack  tip 
opening  displacement  at  onset  V((  calculated  from  6LL0  based  on  the 
simple  geometric  construction  shown  schematically  In  fig.  *.5.  This 
construction  assumes  that,  aa  the  crack  opens,  a  CT  specimen  rotates 
about  a  hinge  point  which  is  some  fraction  of  the  remaining  ligament 
In  front  of  the  crack  tip.  Accordingly,  by  similar  triangles, 

«o  -  Hb  .(«UU>)  (k.») 
e+flb 

wherv  R  Is  the  hinge  rotation  factor.  A  major  difficulty  In  using  this 
method  Is  determining  the  correct  value  of  8.  Ponton  and  Lee  (1990), 
using  crack  opening  displacement  to  measure  crack  length  In  compact 
tension  specimens,  investigated  four  values  of  R,  l.e.  H~0,  0.195, 
0.]]  and  0.5,  and  found  that  H*0  195  gave  the  best  correlation  of 
results.  Therefore,  R  was  taken  as  0.195  In  the  present  work. 

To  illustrate  the  consistency  between  specimens  of  the  Indirect 
mtthod  of  determining  crack  extension  onset,  values  of  ^  and  a*,  for 
specific  tests  are  given  In  Table  A. 3  along  with  the  previously 

discussed  Kg  raiuea.  |t  la  Interesting  to  compare  K^  with  Kq.  Although 
Individual  comparability  nay  vary,  the  general  similarity  of  Kp  and  KQ 

enhances  their  credibility  as  toughness  parameters  In  these  alloys. 
Also,  the  technique  used  here  to  calculate  Kq  f  Tom  jjc  qalng 
equivalent  areas  under  load-load  line  displacement  plots  seems 
preferable  to  the  LEW  equation  method  (Kj) 
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Table  4.3 


f 


( 


Su«*ary  of  «<},  Ko  and  4©  reiulte. 


Alloy 

Specloer 

*0  (HP* V*) 

to  (H?a/i) 

So  ivm) 

KT 

4 

28.5 

28.0 

49. n 

5 

24.5 

24.5 

48.3 

41 

27.1 

24.9 

57.9 

42 

31.2 

24.3 

47.4 

43 

27.7 

28.4 

54.0 

a  vc  rot 

KT 

28.2 

27.4 

59.5 

NL 

17 

37.3 

37.4 

83.3 

19 

34.3 

34.5 

44.4 

20 

34.7 

37.1 

49.5 

11 

34.4 

35.3 

54.0 

12 

34.9 

37.7 

48.8 

a  vc  rot 

HI 

35.9 

34.8 

48.4 

m 

55 

40.2 

40.7 

71.5 

57 

40.7 

42.4 

48.9 

52 

38.5 

40.8 

78.8 

53 

38.8 

40.5 

79.4 

a  vc  rot 

Ml 

39.4 

41.2 

74.7 

M* 

35 

45.8 

43.1 

98.5 

34 

45.0 

45.0 

93.8 

37 

40.4 

42.9 

90.4 

38 

42.9 

42.9 

87.1 

a  vc  rot 

Ml 

43.4 

43.5 

92.5 

HC 

44 

40.8 

43.5 

85.4 

45 

44.7 

47.2 

84  8 

44 

34.9 

44.0 

78.4 

47 

40.3 

44.3 

71.7 

a  vc  rot 

MC 

41.2 

44.8 

•0.4 

I 
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Excessive  confidence  should  not  be  placed  on  the  abeolute  values 
of  the  critical  crack  tip  opening  displacements  4e  £n  Table  4.3. 
Although  thev  are  the  correct  order  of  magol tode  and  vary  In  tne  aane 
way  as  the  toughness,  there  Is  uncertainty  In  the  value  of  R  In  eq. 
<4.$).  The  variation  of  with  toughness  Is  predicted  from  eq.  (4.7'i. 
I*  f*et,  th«  correlation  between  JIc  0y<o  tl  when  m-1  In  eq. 

(4.7)  si  can  be  seen  la  fig.  4.4.  This  agreement  would  be  no re 

algnlf leant  had  ^(n  measured  Independently  rather  than  calculated 
froa  a  load  line  displacement . 

4.4.5  Tearing  Modulus  -  T 

The  fracture  toughness  parameters  discussed  so  far  have  been 
related  to  the  onset  of  crack  extension.  While  It  Is  this  onset  that 
Is  the  specific  Interest  of  the  present  work,  the  tendency  tor 
unstable  crack  extension  was  also  aeasured.  Earls  et  al.  (1979) 
discuss  the  theo  y  of  Instability  of  elastic-plastic  ersck  growth, 
defining  the  conditions  for  unstable  behaviour  In  terms  of  the 
J-lntegral  resistance  curve  (J  vs.  As).  Formulating  a  non-dimensional 
material  parameter,  the  tearing  modulus  T,  (see  sec.  1.3.4.)  which  Is 
simply  the  normalised  slope  of  the  J  resistance  line  (eq.  1.43),  the 
Faria  et  al.  concept  may,  In  some  cases,  be  of  greater  practical 
significance  than  the  fracture  toughness  (e.g.  the  leak  before  break 
design  philosophy). 

The  tearing  moduli  for  the  alloys  in  the  present  study,  as 
determined  from  eq.  (1.43)  and  the  J-integral  resistance  lines,  are 
given  In  Table  3.4.  Results  for  alloys  HT  and  K1  are  similar, 
reflecting  extremely  low  values  of  dJ/da  The  tearing  modulus 
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Increase*  with  dlspersold  content  for  alloy*  ft  and  JfH,  but  T 
decrease*  then  for  alloy  HC.  Thu*  the  tearing  modulus  exhibit*  the 
mm  qualitative  variation  for  these  alloy*  a*  does  Jj  ^,r  ?j,e 
proportional  change  In  value*  1*  auch  greater ;  a  fact  which  nay  be 
explained  In  terns  of  the  geometry  dependence  of  dJ/da.  Ouda*  et  *1. 
(1979),  varying  a/V  and  the  eaount  of  face  grooving  on  CT  ape< lae  *s  of 

ST'130  steel,  showed  that  J^c  vai  independent  of  specimen  geometry  In 
the  range  rested  but  the  tearing  modulus  Increased  with  crack  length, 
being  higher  la  non-face  grooved  specimens  where  crack  tunnelling 
occurred.  Oruce  (1991)  also  found  that  lncreaelng  the  out-of -plane 
constraint  by  Increasing  the  thickness  or  degree  of  side  grooving  had 
a  marked  effect  In  reducing  dJ/da.  Therefore,  T  values  for  the  present 
alloys  cannot  be  considered  geometry  independent.  However,  since  the 
geometry  wae  baelcally  the  eaae  between  alloys,  the  higher  values  of  T 
represent  a  greater  tendency  'or  crack  tunnelling.  This  conclusion  Is 
supported  by  the  extended  crack  front  shapee  In  fig.  3.10  where  the 
severity  of  the  tunnelling  Increases  with  dlspersold  eaount.  This 
behaviour  Is  a  asnlfsstatlon  of  the  Influence  of  dlspersotds  on  the 
constraint  required  for  crack  extension,  as  discussed  previously  In 
relation  to  the  fracture  strains  of  notched  tensile  speclaen*. 

9.9.9  1  iiaaa ry  of  Fracture  Toughness  Faran-  cere 

For  the  alloys  studied,  the  fracture  toughness  parameter#  Jjc< 

*q,  «o,  *o.  CC  and  T  provide  a  convincingly  consistent  ordering  of 

HTOlLQPKhCOfH .  This  seq  ence  can  be  qualitatively  rationalised 

through  the  effect  of  dlspersold  particles  on  slip  distribution  and 
hence  on  the  local  stress  and  strain  eoablnatlon  required  to  activate 
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tha  grain  boundary  ductile  rupture  mcKcsIi*  of  crack  extension.  Por 
•  Hoy  HC,  which  has  eh«  greater  voluwe  fraction  of  dlspersolda,  tha 
contributing  atcht Jl«a  of  ductile  rupture  at  coarse  cooatltucnt 
particles  rtducta  th«  toughness  oapartd  to  that  of  alloy  Ml  which  haa 
a  lower  coaraa  Inclusion  contant.  The  paraaetara  J ^  >nd  gp  appear  to 
giro  equivalent  rankings  of  notarial  toughnaaa  although  thay  ara  not 
ralatad  according  to  tha  LEPH  equation.  Tha  lncraaaa  In  natarlal 
toughnaaa  dua  to  tha  Influence  of  dlaparaold  partlclaa  on  slip 
distribution  and  grain  site  la  thus  established  Tha  nannar  la  which 
these  ltna  relate  to  crack  tip  plaatlclty  will  be  consider >d  In  tha 
next  section. 


*•5  Crack  Tip  Plastic  Zone  Sica 


In  tha  context  of  relating  dlaparaold  parameters  to  alloy 
toughnaaa,  two  questions  of  Interest  era: 

a)  for  the  sane  stress  Intensity  factor,  what  la  tha  affect  of 
dlaparaolda  on  crack  tip  plastic  sons  site? 
t>)  la  toughnaaa  determined  by  a  critical  crack  tip  plastic  tone 
site  at  tha  onset  of  crack  extension? 

To  Investigate  these  questions,  tha  plastic  rone  alxa  aa  a 
function  of  applied  straaa  Intensity  factor  was  aeaaurad,  aa  discussed 
la  Section  3.3. 


4.5.1  Cor re  let  Ion  with  I 

Pig.  3.16  shows  tha  nldplane  plastic  tone  site  r^  4,  w 

function  of  (K/e^*.  Since  tha  dlaparaold  containing  alloys  have 

yield  strength,  tha  decreasing  value  of  a  In  eg. 


ltd 


aaaantlally  tha  ai 


ller  ior 


(3*2)  means  chat,  for  the  um  C,  the  plastic  son#  also  la  wa 
increasing  dlspersold  content.  At  first  lnspactlon  this  Is  a 
surprising  result  because  one  would  expect  the  tougher,  sore  ductile 
allot  to  hare  a  larger  plastic  cone.  This  disparity  can  be  explained 
In  terns  of  the  blunting  geo oe try  et  the  crack  tip. 

Most  solutions  for  the  plastic  zone  sice  et  the  tip  of  a  crack 
assune  that  the  crack  In  sharp  l.e.  the  crack  tip  radius  of  curvature 
P  approaches  zero.  Kin,  fine  end  Mura  (1979)  consider  the  effect  of  a 
finite  p  on  the  two-dimensional  plastic  domain  et  the  tip  of  e  blunt 
crack  tip  Using  Che  work  of  lice  (1967)  and  Meuber  (1961),  Kin  et  al. 
(1979)  show  that  the  actual  plaatlc  cone  sice  rp  (t  the  tip  of  e 
blunted  crack  tip  Is  given  by  the  plastic  zone  of  an  Imaginary  sharp 

creek  rR>  eubjeeted  to  an  applied  stress  Intensity  factor  1,  minus  the 
geometric  effect  of  the  blunting.  Therefore, 

rp  •  r%  -  rp  (6.10) 

figure  6.7  schematlcelly  displays  the  variation  In  plastic  tone 
sice  with  applied  stress  Intensity  fsetor  and  creek  tip  geometry.  Two 
situations  are  Illustrated:  In  fig.  6.7(e),  the  creek  tips  have  the 
sew  geometry  but  different  applied  stress  intensity  factors.  The 
plastic  zone  site  as  given  by  AC  Increases  with  the  applied  K  since  r( 

Increases  even  though  tp  Is  constant  In  eg.  (6.10).  In  fig.  6.7(b), 
the  crack  tips  have  different  radii  of  curvature  but  the  same  length 

end  applied  K.  At  constant  I,  r^  decreases  with  Increasing  tip 
bluntness  since  rp  increases  while  r*  remains  constant. 


According  co  the  Kla  *t  al.  mode  1 


( 


rp  .  |  1  (*.H) 

*♦1 

Therefore,  a  notarial  with  a  high  work  hardening  rata  can  W  expected 
ta  Hava  a  mailer  plastic  zona  aita  than  a  nr* re  ductile  aatarlal  with 
a  lowar  work  Hardening  rata.  Although  thla  la  the  ease  la  the  present 
alloys,  the  snail  difference  In  N  accounts  for  a  difference  In  r^ 

between  ML  and  ft  of  only  about  2X.  The  najor  effect  of  alcrostrueture 
la  on  the  erack  tip  bluntnesa,  because 


r 


P 


(*.n> 


It  la  suggested  that  Increasing  the  alloy  dlspersold  content 
effectively  Increases  p,  and  therefore  r0t  causing  the  observed 

**  fp  for  the  aaae  stress  Intensity  factor.  The  aechanlsa 
responsible  for  the  local  Increase  In  creek  tip  bluntnesa  will  be 
considered  later. 


* . 5 . 2  Values  at  Onset  of  Crack  Extension 

la  order  to  estlaate  the  crack  tip  pisstle  tone  sice  at  the  onset 
of  crack  attention  for  each  alloy,  the  lines  of  fig.  3* lb  were 
extended  to  the  onset  value  of  stress  Intensity  factor  K#  (ace  Sect. 
A. 4. 4).  this  construction  Is  shows  In  fig.  4.1.  The  values  of  r^  thus 
obtained  are  given  below. 


lib 
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I 
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Table  4.4 


Plastic  ton*  alts  at  crack  extension  onset. 


Alloy 

a 

<*o/cy)'(*> 

rPo  •*<*©/<*) 

HT 

0.013 

9.4 

119 

HI 

0.034 

13.9 

4»0 

m 

0.029 

17.7 

440 

m 

0.023 

l«.t 

420 

HC 

0.017 

20.7 

390 

Th*  valuta  of  both  o  and  t^,  -r€  im  for  alloy  HT.  Aa  a  result  of 
an  easy  grain  boundary  fracture  path,  crack  extension  occurs  before 
the  crack  tip  plasticity  extends  beyond  approximately  100 ins. 

The  dlsperaold  containing  alloys  exhibit  a  decreasing  r^  with 
luresstng  dtaperaold  content.  However,  for  alloys  ML,  W  sod  Ml  the 

differences  In  r^  ir(  e*aii.  for  alloy  NC,  rpo  la  approximately  lOOym 
less  than  for  alloy  ML.  It  appears,  therefore,  that  the  crack  tip 
plaatlc  tone  also  at  the  onset  of  crack  extension  la  not  constant  with 
dlsperaold  volume  fraction,  ft  la  concluded  that  dlsperaolda  altar  the 
creek  tip  pleatlc  cone  site  and,  therefore,  the  etreas  sod  strain 
distributions  in  front  of  the  crack  tip.  These  stress  and  strain 
distributions  will  be  eoneldered  In  Sect.  4.9.4. 

4.9.3  Correlation  with  JM/dA 

At  the  onset  of  crack  sxteneton  the  crack  driving  force  C  la 
e^ual  to  dlf/dA  where  ft  la  the  work  absorbed  by  the  specimen  as  an 
incremantal  area  of  new  crack  surface  dA  la  created.  Oavtdaon  and 
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Lankford  (19*0)  used  this  relationship  and  the  fact  that  C  Is  egual  to 
l1/!,  to  rewrite  eg  .  (3.2)  as 

rp  -a  (dV/dA)E  (*.13) 

r 

Calculating  tp  assuming  that  a  equals  1/x  and  Integrating  dWdA 
over  the  plastic  cone,  their  exper lmentally  neasured  plastic  none 

sites  correlated  reasonably  well  with  the  calculated  r  These 
experiments  were  par formed  on  2024-T4,  Wll-Ti  and  202J-T1  aluminium, 
kesults  from  the  present  study  permit  a  straightforward  verification 
of  eg.  (4.13),  rewritten  as 

*  "  fpo  »y2  (4.14) 

dA  a  i 

The  values  of  r^^  gy  aft<j  9  Mrt  determined  experimental ly ,  and 
the  elastle  modulus  Is  known  (E»20Cfa).  Thus,  the  work  expended  in 
creating  new  crack  surfeie  area  dV/dA  can  he  calculated  directly  and 
compared  to  the  experimental  J,e.  results  are  tabulated  In  Table 

4.3. 


lit 


T«bl«  4.5 


Comparison  of  dV/dA  tai  J» 


Lloy 

dW  -  rpo  ay* 

dA  o  E 

fpo  (am)  9y  (M^a) 

a 

(<*V/dA)  (N/nm 

)Jle  0 

HT 

.115 

279 

0.012 

10.7 

11.2 

m 

.440 

318 

0.034 

19.5 

19.5 

MH 

.440 

310 

0.025 

24.2 

25.2 

MH 

.430 

323 

0.023 

27.2 

30.2 

MC 

.550 

309 

0.017 

tt.l 

24.4 

Aa  can  be  ittn  from  Table  <.5  and  the  plot  of  dW/dA  and  i|c  jn 
fig.  4.9,  tha  agraaaant  between  thaac  two  quantities  la  remarkably 
eloaa.  Thla  corralatlon  adda  physical  algnlflcanca  to  Jjf;  jt  j(  M 
measure  of  tha  work  doee  in  tha  formation  of  a  unit  area  of  now  crack 
aarfaca.  Considering  a*.  (4.14),  tha  ratio  r^/a  ,trongly  affacta  tha 

dW/dA  calculation.  Since  tha  dlopersold  "oluna  fraction  doaa  not 
greatly  altar  tha  plastic  tone  site  at  tha  onset  of  crack  extension 

rpo  la  approximately  equal  for  M.,  MH  and  Ml),  tha  dominant  affect  of 
adding  dlepersolde  Is  to  decrease  o.  Indicating  a  modification  of  the 

strain  distribution  within  tha  plastic  * one. 
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4.3.4  Stress  *tx3  Strain  Distributions 


Am  referred  to  la  Cl*.  1,  tha  validity  of  Jj{  ,,  ,  doc 1 1 1  a 
fracture  toughness  crltarloa  la  panda  on  ita  ebl’lty  to  characterise 
tha  crack  tip  plaatlc  stress-et rein  flald  at  tha  waat  of  crack 
extensloa.  Tha  pronounced  lacraaaa  io  J,e  vlth  4Uf«r#«tg  content  tor 
tha  alloys  In  tha  praaant  study  thus  aug|*ata  that  dlaparaolda 
lacraaaa  tha  nacesaary  atraaaaa  and  or  atraina  at  tha  crack  tip  for 
tha  predominant  fracture  micromechenisa  to  oparata.  Tha  nature  of  tha 
change  In  atraaa  and  atraln  diatrlhutlon  of  tha  plaatlc  tone  can  he 
lufarred  f t on  tha  work  of  Klee  and  Johnson  (1970). 

Klee  and  lohnaon  considered  tha  role  of  large  crack  tip  geometry 
changea  la  plane  atraln  fracture  and  related  crack  blunting  to  tha 
atraaa  and  atraln  dlatrlbutlona  In  front  of  tha  crack  tip.  Thai r 
graphical  aolutlona  praaant  thaae  dlatrlbutlona  aa  a  function  of  X/4 
where  X  la  tha  poeltlon  of  a  point  in  ftc*t  of  tha  Initially  aharp 
crack  and  4  la  the  CTOD.  Considering  flrat  tha  atraaa  dtatrlbutlon, 
Klee  and  lohnaon  (1970)  fig.  10  show*  approximate  modified  atraaa 

dlatrlbutlona  (°yy/ey)  aa  dependent  on  initial  yield  atraln  ey/E  and 
hardening  exponent  N.  Thane  curves  era  shown  in  fig.  4.10  (where  c^/g 

was  taken  as  0.00$)  for  N  equal  to  0  and  0.10.  Since  N  la 
approximately  0.03  for  the  present  alloys,  this  curve  was  interpolated 
from  tha  lice  and  Johnson  result.  Sacauaa  of  their  tow  work  hardening 
r area,  tha  present  alloys  are  subjected  to  a  maximum  achievable  stress 
that  la  Jsst  over  three  times  tha  yield  stress  and  occurs  at  about  2.3 
crack  opening  dlsplacemente  In  front  of  tha  tip.  Since  tha  values  of  N 
are  similar,  tha  larger  1#  Table  4.i)  wit).  Increased  dlspersold 
'ontent  means  that  tha  maximum  atraaa  occurs  further  In  front  of  tha 
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crack  tip  However,  the  maxi sun  absolute  value  of  Oyy  would  not  change 
algnlf leant ly  Thla  Indicate*  that  the  predominant  fracture  mechanism 
la  not  simply  atrea*  controlled  alace,  If  It  were,  a  larger  would 
not  be  required. 

Rice  and  Johnson  (1970)  alao  plot  the  effective  plastic  strain  a* 
a  function  of  x/4.  The  distribution  la  shown  In  fig.  1.21.  The 
approxlaute  equation  for  thla  strain  distribution  was  given  by 
Schwalbe  (1977)  as  eq.  (1.57),  although  Schwalbe's  equation  appears  to 
correspond  to  the  fully  plastic  curve.  The  email  scale  yielding  curve 
of  fig.  1.21  predicts  sero  plastic  strain  at  approximately  two  crack 
opening  displacements  In  front  of  the  crack  tip.  Thla  la  clearly  not 
accurate  for  the  present  alloys  where  the  plastic  tone  site  at  onset 
was  up  to  six  times  larger  than  the  crack  opening  displacement-  Also, 
the  notched  tensile  test  results  showed  that  dlspersolds  increase  the 
effective  plastic  strain  at  fracture  for  the  same  stress  trlaxlallty. 
It  therefore  seetM  reasonable  to  assume  that  the  strain  distribution 
la  front  of  the  crack  tip  changes  from  alloy  to  alloy  and  that  this 
change  1*  controlled  by  the  dlspersotd  content.  The  following 
summarises  an  attempt  to  describe  the  magnitude  of  the  strain 
distribution  change. 

Taking  the  form  of  the  plastic  strain  distribution  from  Rice  and 
Johnson,  ooe  obtains  the  general  form’ 

*p  •  A  4  ♦  «  (4.15) 

i 

Solving  for  the  constants  A  and  R  for  each  alloy  requires  two 
boundary  conditions.  The  first  sets  tp  equal  to  0  at  the 
elastic-plastic  Interface,  l.e.  at  («/*)*(4e/tpo).  The  second  boundary 


121 


condition  Invokes  the  fracture  strain  of  the  nost  highly  trlaxlal 
notch  tenalle  specimen  geometry.  The  aost  severe  notch  corresponds  to 


afy/9y  of  2.31.  Fro*  fig.  4.10,  this  stress  e*ate  occurs  at  x/4  equal 
to  1.09.  Therefore  the  second  boundary  condition  Is  ,t  „/£. 1.09. 

These  conditions  and  the  resulting  values  for  A  and  B  are 
tabulated  In  Table  4.b. 


Table  4.6 

Constanta  A  and  B  for  eq.  (4. IS) 


*o/rpo  If  for 
for 


Alley 

lr<> 

s/6  •  1.09 

A 

B 

XT 

0.522 

0.011 

0.020 

-.0145 

HI 

0.152 

0.060 

0.009 

-.0135 

>91 

0.170 

0.097 

0.130 

-.0221 

HH 

0.231 

0.136 

0.202 

-.0470 

NC 

0.231 

0.130 

0.190 

-.0430 

ton*  alt*  at  onset  r 


po  la  shown  for  each  alloy  on  the  abscissa.  When 
presented  In  this  way,  several  points  become  clear.  At  thr  onset  of 
crack  extension,  alloy  HT  sustains  high  strains  over  only  a  very  short 
distance.  Due  to  the  intense  slip  hands  that  font,  strain 
concentrations  (and  therefor*  stress  concentrations)  are  created  at 
the  grain  boundaries.  Conditions  for  void  nuclear  ion  at  grain  boundary 
particles  are  satisfied  quickly  end  low  energy  ductile  rupture  occurs 
along  the  TTZ .  for  the  dlaperaold  containing  alloys,  the  plastic  lone 
sixes  at  onset  arc  slnllar,  but  he  strain  profiles  reflect  the 
Increase  in  strain  required  for  rupture  as  dlepersotde  homogenise  the 
slip.  As  a  fracture  criterion,  this  Is  equivalent  to  saying  that  the 
critical  strain  nuat  be  achieved  over  a  larger  critical  distance. 
Thus,  In  this  series  of  alloys,  the  critical  nlcrostructural  distance 
Increases  with  slip  homogenisation.  The  results  for  alloy  MC  show  that 
this  Is  true  only  as  long  as  the  fracture  aechanlsn  does  not  change. 
The  lower  strain  profile  at  crack  extension  onset  for  alloy  MC 
reflects  the  decrease  In  the  critical  distance  caused  by  the  presence 
of  coarse  Inclusions.  These  coarse  Inclusions  serve  as  void  nucleatlon 
sites  for  the  transgranular  ductile  rupture  aechanlsn  which  Is 
superlaposed  on  the  grain  boundary  ductile  rupture  aechanlsn,  giving 
fracture  at  lover  strains. 

A  second  way  to  consider  the  resu'.ts  for  A  and  g  In  Table  A. 6  Is 
to  coapar*  the  strain  profiles  plotted  against  */<Q  for  g  icsa  than 

«o.  These  are  shown  fn  fig.  A  12.  for  a  given  position  x  and  crack 
opening  displacement  I,  the  ttralns  are  higher  as  the  amount  of 

dlspersold  Increases.  This  can  be  explained  by  the  effect  of 
dtspersotds  on  the  crack  tip  geometry  referred  to  In  sec.  4.1.1. 
However,  the  model  proposed  by  Kim,  Pine  and  Mura  (197”)  must  be 
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aodificd  slightly.  Their  Model  Ignores  the  Materiel  nle restructure  end 
sssumcs  s  sMcoth,  seMl-cl rculsr  creek  tip.  Thus,  for  the  sane  spplled 
stress,  the  plsstic  cone  sice  is  sue  tier  when  the  creek  tip  opening 
displscenent  is  larger,  l.e.  greeter  blunting.  This  aspect  of  the 
Model  contradicts  the  elastic  snd  elastic-plastic  analyses  which 
predict  the  sane  crack  tip  opening  displscenent  for  alloys  of  the  sane 
ylel-i  strength  loaded  to  a  given  stress  Intensity  facte?.  As  an 
alternative,  It  is  suggested  that  the  crack  tip  opening  dlaplacenents 
are  Indeed  the  saste,  but  the  enoothness  and  shape  of  the  blunting 
notch  root  depend  on  the  mleroetracturc.  This  Idea  is  represented 
scheMatlcally  in  fig.  4.13  for  estrone  situations  of  honogeneous  and 
heterogeneous  slip.  For  the  homogeneous  slip  case  (fig.  4.13(a)),  slip 
occurs  on  Many  planes  end  as  the  crack  tip  opens  to  a  given 
displscenent  the  crack  tip  profile  can  blunt  in  a  smooth  arc.  This 
blunting  ralaxas  the  local  stress  intensity  at  the  crack  tip  by 
plastic  flow  which  produces  higher  atralne  in  front  of  the  tip. 

When  slip  is  heterogeneous  as  In  fig.  4.13(b)  the  crack  tip 
cannot  blunt  aaoothly  because  slip  is  occurring  on  a  few  coarse  slip 
bends.  Thus,  for  the  sane  4,  the  crack  tip  la  sherper  and  the  local 
stress  Intensity  higher  then  for  honogeneous  slip.  The  plastic  cone 
extends  further  due  to  the  higher  local  *  at  the  tip,  but  the  strain 
in  the  plsstic  tone  is  snaller  because  of  the  enaller  dlsplaceneats  of 
the  opening  tip  feces.  This  Model  can  be  used  to  explain  both  the 
change  la  plastic  tone  site  aud  the  change  in  plastic  strain 
distributions  within  the  plastic  cone  in  terns  of  the  nieroetructural 
effect  on  crack  tip  geone :ry. 
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4.6  Hie rose  chanlsns  of  Crack  Extension 

The  aodtl  propose  In  the  previous  section  does  not  specifically 
consider  the  odcroctructural  nerhanlsn*  involved  in  crack  extension. 
To  do  so,  the  three  dimensional  crack  ttp  plastic  zone  must  be 
considered.  Fractographic  analysis  of  the  present  study  has  shown  that 
the  predoninant  fracture  machantsn  in  these  alloys  is  ductile  rupture 
along  the  PFZ.  As  the  coarse  inclusion  content  Increases, 
trsnsgranular  ductile  rupture  also  beconea  an  Important  contributing 
mtchanlsa  but,  for  the  nonent ,  only  the  ftt  path  will  be  considered. 
The  appearance  of  fine  dl spies  containing  particles  on  the 
intergranular  fracture  eurfacea  confirm  that  the  Mechanise  occurs  by 
void  Initiation  at  grain  ooundary  particles  followed  by  void  growth 
and  coalescence.  Goods  and  Brown  (1979)  review  the  literature 
concerning  nucleetioo  of  cavities  by  plastic  deforest  ion .  One  of  their 
conclusions  is  that,  for  materials  which  exhibit  eoarae  ally,  plastic 
relaxation  is  not  favoured  and  cavities  nucleate  at  low  plastic 
strains.  This  situation  can  be  illustrated  by  assuming  that  void 
nocleat  Ion  occurs  when  the  lnterfaclel  strength  oj  M  grain  boundary 
particle  la  exceeded  by  the  local  stress  Oj  Mar  the  particle.  The 
local  stress  will  be  greatest  st  the  points  where  slip  hands  Imping* 
on  the  grain  boundnrles  (Stroh,  1954  »nd  1955).  Assuming  that  a  slip 
band  lnpinges  on  a  particle,  the  local  stress  near  the  particle  is 
given  by  (Brown  and  Stobbe,  197b) 

•l  -  «'pb<dl),/2  <*  “> 

l*'r*  la  the  local  dislocation  density  end  •'»  1/7.  Dowling  (1975) 
has  show-  char  the  effect  of  dlspersolds  on  the  slip  distribution  of 
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the  present  alloy*  la  to  Increase  both  the  ouaber  of  allp  bond*  and 
the  width  of  each  band.  In  the  context  of  eg.  (4.1b),  the  broadening 
of  a  slip  band  by  dlspersolds  will  reduce  the  local  dislocation 
density  and,  In  turn,  the  local  stress  at  the  head  of  the  allp  band. 
Is  terns  of  the  local  strain,  erj .  (4.1b)  becenes 


C1 


(4.17) 


for  the  nucleatlon  of  a  sold  at  a  grain  boundary  particle.  Although 
•q  (4.17)  la  derived  on  the  basis  of  a  critical  stress  at  the 
particle  Interface,  the  stress  Is  produced  by  the  local  dislocation 
density  which  la  a  function  of  the  plastic  strain  In  the  notarial. 
Therefore,  the  failure  criterion  refers  fundanentally  to  strain  (Goods 
Mid  Brown,  »7f). 

Several  studies  (Argon  at  al.,  1*75;  French  and  Weinrleh,  1*74) 
have  shown  that  the  critical  stress  to  nucleate  cavities  is  dependent 
CC  hydrostatic  stress.  Thus,  the  condition  for  void  nucleatlon  at 
grain  boundary  particles  beconea 


*!  ♦  OF  >  dl  (4.18) 

*rt**re  °h  Is  the  hydrostatic  tension.  By  analogy  to  the  development  by 
Goods  and  Brown  (1*7*),  eg.  (4.17)  beconea 

el‘"  >  *7(01  -  OP)  (*•»») 


*rt**r*  is  a  constant  that  Is  *n  Inverse  function  of  the  volume 

fraction  and  site  of  grain  boundary  particles.  The  results  of  the 
present  study  for  *oth  tensile  teats  and  fracture  roughness  teata  can 
bt  explained  qualitatively  in  terms  of  dleperaold  effects  on  local 
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dislocation  tonal ty  and  (rain  alt*  using  ep .  (4.19). 

Considering  flrat  tha  tarn  kJt  che  theory  jradleta  that  tha 

nuclear  Ion  atraln  should  decrease  aa  tha  voluua  fraction  of  particles 
locraaaaa.  Prince  (1977)  concluded  that  tha  grain  boundary  particles 
of  tha  present  allcra  ara  of  two  types  -  dlaparaolda  which  happened  to 
ba  lntaraactad  by  a  grain  boundary  and  tha  usual  grain  boundary 

prwclpltata  found  In  nany  aga  hardening  ayataaM.  Those  a  (1991) 

auggaatad  that  tha  lattar  could  ba  allicon  praclpltataa.  Slnca  alloy 
ft  dona  not  contain  dlaparaolda  yat  dona  exhibit ’void  Initiation  at 
tha  grain  boundary  partlclaa  It  la  raaaonabla  to  preauue  that 
partlelaa  of  tha  aacond  typa  ara  raaponalbla  for  tha  grain  boundary 
nuelaatlon  altaa  In  all  tha  alloya.  However,  calculation  of  tha  volght 
parcant  of  axcaaa  silicon  shows  that  thorn  la  Uttla  dlffaranca 
batwaan  alloya.  Tha  moults  of  thaaa  calculations,  usual  ng  all  of  tha 
•***•  c®  for*  *%2si,  ara  glean  In  Tabla  4.7. 

Tabla  4.7 

Excess  silicon  contants  (caleulatad) 

Alloy  Weight  parcant  axcaaa  silicon 

HT  0.43 

«  0.48 

***  0. 48 

m  0. 98 

MC  0.93 

It  tharafora  appear a  that  tha  axcaaa  silicon  eoutsnt  should  have 
little  differentiating  affect  batwaan  tha  alloya.  lather,  tha  grain 
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Oounds  rr  precipitates  are  esit  Uktlf  enlarged  Mg2g|  panicles  af 
approximately  equal  alt*  and  distribution  for  all  tba  alloya. 

Accordingly ,  k2  lB  <4.19)  not  vary  significantly. 

Considering  next  the  hydrostatic  tension  term  In  eq.  (A. 19),  aa 

3g  Increases  the  nucleatlon  strain  mill  decrease,  Results  from  notched 
tensile  tests  are  conslatent  with  this  prediction.  The  fracture 

strains  did  decrease  with  Increased trlaxlallty  In  the  notch  although 
the  decrease  uaa  not  excessive  for  the  range  of  trlaxlalltles  tested. 
Cane  (1981)  has  shown  that  a  state  of  locally  Increased  trlaxlallty  Is 
Induced  In  t'te  FFZ  when  there  la  a  difference  between  the  strength  of 
the  FFZ  end  the  oatrlx.  The  magnitude  of  ehle  local  trlaxlallty 
Increases  with  the  strength  differential.  Since  the  separate 

stress-strain  relatlona  for  che  FFZ  and  matrix  are  net  known  for  the 
present  alloys,  the  severity  of  this  effect  cannot  be  determined 

directly,  however.  Ft 1 nee  (1977)  found  that  the  width  uf  the  FFZ  did 
not  vary  with  dlsperaold  content.  If  the  properties  of  the  FTZ  can  be 
assumed  to  be  similar  and  the  stress-strain  relation  of  the  bulk 
characteristic  of  the  matrix,  then  the  similar  work  hardening  exponent 
of  the  present  alloys  would  Indicate  that  the  effect  of  this  FFZ 

Induced  trlaxlslity  to  approximately  the  same  for  each  alloy. 

Finally,  dlspersoldo  effectively  reduce  the  local  strain  term 
la  oq.  (A. 19)  by  reducing  t*-*  dislocation  density  In  slip  hands  ss 
they  Impinge  on  the  grain  boundaries.  Although  this  effect  Is  also 
difficult  to  quantify,  Dowling  measured  the  slip  band  spacing  of 
alleys  equivalent  to  NT,  ML  and  MM  as  a  function  of  compressive 
strain.  A  view  of  hww  this  slip  bend  sparing  changes  In  front  of  s 
blunting  creek  tip  can  ba  obtained  by  combining  Dowling's  measured 
eperlngs  with  the  strain  distributions  shown  In  fig.  A.  11.  Assuming 
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that  her  uuurtainti  ••  a  function  of  compressive  strain  can  be 
•polled  to  the  tanalla  strain  In  front  of  the  crack  tip,  fig.  A.  14 
shows  the  slip  hand  spacing  p  plotted  against  distance  ahead  of  the 
Initially  sharp  crack  i  at  the  value  of  1  corresponding  to  crack 
extension  onset  for  each  alloy,  for  MCh  #n0yt  the  slip  band 
spacing  decreases  as  the  strain  Increases  near  the  crack  tip.  Also, 
for  a  given  distance  In  front  of  the  crack  tip,  the  slip  hand  spacing 
decreases  with  Increasing  dlspersold  content.  Since  slip  hand  width 
can  he  considered  to  he  Inversely  proportional  to  slip  hand  spacing 
(Dowling,  197)),  the  stress  concentration  p  at  the  head  of  s  slip  bend 
given  hy  (Eveneen  at  el.,  1973) 


9 


(A. 20) 


decreases  as  dlspersold  content  Increases.  In  eq.  (A. 20)  d  Is  the 
grain  sice  end  V  la  the  slip  hand  width.  Thus,  the  criterion  for 
activation  of  the  grain  boundary  ductile  rupture  nlcrouechenleo  can  he 
considered.  In  the  light  of  fig.  A.1A,  ee  occurring  In  a  region  In 
front  of  the  crack  tip  where  the  combination  of  high  principal  tensile 
stress,  high  stress  trlaxlallty  and  narrow.  Intense  slip  hands  provide 
the  necessary  conditions.  A  useful  nodal  to  desert  be  this  concept  Is 
the  seol -cohesive  sons  suggested  hy  Cerberlch  and  Moody  (1979)  In 
which  the  crack  tip  region  contains  areas  that  have  fractured 
separated  hy  unfractured  ligaments.  Using  this  model  Moody  end 
Cerberlch  (1990)  successfully  predict  the  grain  site  effect  on  the 
fstlgue  threshold  stress  Intensity  In  titanium  alloys.  Edwards  (1981) 
extended  the  teul -cohesive  tone  concept  ss  e  model  of  the  fatigue 
crack  growth  nechanlsm  at  all  levels  of  stress  Intensity  factor  range 
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for  the  present  alloys.  Tha  modal  la  •dually  applicable  to  tha 
mono tonic  loading  crack  extension  mechanisms  of  tha  present  study. 

A  schematic  of  the  ataltoKtatra  ton*  aedal  la  ehown  In  fig 
*•1'-  At  tha  tip  of  tha  aata  crack  ltaa  a  plaatlc  tone  that  contalna 
within  It  tha  eemJ-ceheelva  tone.  Aa  tha  load  la  lncraaead,  tha 

plaatlc  tona  growa  larger  and  cartatn  grain  boundarlea  that  ara 
favourably  oriented  to  the  mazlmuu  tenalle  atraaa  will  fracture  by 
nlcrovold  coaleacenca  along  tha  ftZ  Since  dlaparaolda  auppraaa  thla 
fractura  mechanism,  fewer  of  theaa  grain  boundaries  open  up  ahaad  of 
tha  crack  tip  and  nor a  unfracturad  ligament a  remain  In  tha 

eeml-eohealee  tona.  Necroscople  crack  astanalon  than  eorreaponda  to 
tho  fracture  of  the  remaining  llgeatents  and  the  joining  of  the 
mlerocrecka  co  the  main  crack.  Thla  aapect  of  tha  model  la  eonelatent 
with  obeereatlona  made  on  plaatlc  tona  apeclnene  leaded  to  atraaa 
lntenaltlea  leaa  than  thoae  required  for  onaet.  In  many  eaeee,  abort 

adcrocracka  ware  obaerved  In  tha  plaatlc  tona  ahaad  of  the  main  crack 

tip;  axamplea  of  thla  grain  boundary  aeparatlon  ara  shown  in  fig. 
3.13.  In  alloy  NT,  the  Intergranular  fractura  mode  occurc  at  low 
atratne.  Aa  tha  volume  fraction  of  dlaparaolda  Increases,  slip  becosws 
more  homogeneous  and  tha  tendency  for  Intergranular  fracture  la 
raducad;  the  slta  of  the  aeml  -cohaa 1 va  tone  la  decreased  and  larger 
strains  ara  required  to  fractura  tha  remaining  ltgamenta.  Thus,  larger 
crack  tip  opening  displacements  at  crack  extension  onaet  and  larger 
frae’ura  toughnesses  result.  The  semi -cohaa I va  cone  medal  also  applies 
to  alloy  MC.  However,  due  to  Its  notch  largar  number  of  coarse 
constituent  particles,  the  opening  up  ahead  of  tha  crack  tip  will  be 
due  to  both  Intergranular  duct! la  rupture  end  coaraa  part le la  ductile 
rupture.  Thus,  even  though  alloy  NC  has  mere  dlspersolds  and. 
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therefor* ,  aor*  how|*MMi  alip  then  alley  MR,  the  fracture  toughneoa 
la  decreaeed  due  to  the  coarae  cooatltueat  pert  Idea. 

The  aeml -cohesive  too*  serves  ae  a  reallatlc  and  consistent  model 
for  the  discussion  of  fracture  processes  In  theae  Al-Mg -Si  allots  The 
node  1  eaaent tally  predict a  that  continued  crack  ettenalon  will  occur 
by  dlacontlnuoua  lumps  aa  the  mlcrocracka  ahead  of  the  crack  tip  link 
up  with  the  aaln  crack.  The  preaent  atudy  Ha a  ahovu  that  the  addition 
of  aenganese-beartng  dlaperaolda  to  peak  aged  Al  -Mg  -SI  alloya  lahlblte 
the  nlcrocrack  formation  ahead  of  the  crack  tip  and,  therefore, 
lncreaaee  the  resistance  to  crack  ettenalon.  Thu a ,  the  nacroacoplc 
fracture  toughneaa  pa ran* t era  In  theae  alloya  are  controlled  by  the 
dlaperaold  Influence  on  the  nlcronechanlane  of  crack  extension. 


flfirt  4.1 

TriRialiiim  electron  micrographs  from  hinc*  (1977)  of  hla 
allop  4  'equivalent  to  allop  W). 

a)  Diaperaotda,  FT7  and  grain  kranlarp  precipitate*  (A). 

b/  Lower  magnification  micrograph  showing  dlsperaolda  at  a 
grain  bounds rp  (I)  and  light  area  (C)  where  dtaperaolds 
have  been  preferentlsllp  etched  owt  at  the  awrfacc. 


Effective  plastic  strata  at  failure  rarau*  atraaa 
trlaslality  for  notch**!  tanalla  speclaen*.  Error  bare  *hw 


figure  4.4 

Plot  of  Kf.'  calculated  from  Lomat  and  Griffiths'  analysis, 
against  the  experimentally  determined  Kq. 


figure  4.1 

Schematic  of  compact  tension  specimen  under  load,  showing 
location  of  the  centre  of  rotation.  II  is  the  rotation  factor 
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Schematic  ■ how In*  the  dependence  of  plaetle  cone  else  upon 
the  geometry  of  the  notch  and  the  applied  etreee  lntenelty 
factor,  K  (after  Kim  et  al.,  1979). 

a)  Same  geometry  but  different  applied  etreee  lnteneltlee, 
*2  >  Kf . 

%1  > 

b)  Different  geometrlee  at  the  eame  applied  etreee 
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Variation  of  experimental  plastic  tone  alto  with  atraaa 
Intensity  factor  and  ftaU  strength.  Values  of  •  ara  derived 
from  the  equation 
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Correlation  of  work  abeorbed  ftr  unit  araa  of  crack  ewrface 
(a*  calculated  below)  with  eeperloental  Jle. 
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figure  4.  10 

Modified  atrea*  dlatrlbutlon  due  to  crack  tig  blunting. 
Taken  f roe  Rice  end  Johneon  (1970)  fig.  10  for  ®y/g»0.005. 
The  bo  a  *  highly  trlatlal  notched  tenet le  apeclaen  gi re a 

*jy/«y  of  2.28  which  eorreepo nda  to  1/1  of  1.09. 
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Effective  fleet lc  etreln  verewo  dletence  eheed  of  the  crack 
tlf,  ihom  et  the  oneet  of  crock  exteaalon. 
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yt|ur«  4.12 

Effective  plaatlc  strain  as  a  function  of  distance  ahead  of 
the  crack  tip  and  crack  tip  opening  displacement .  Values  of 
A  and  ft  are  shown  in  the  caption  for  fig.  4.11. 


figure  4.13 

Schematic  shoving  the  effect  of  slip  distribution  on  the 
crack  tip  radius  of  curvature,  a*  loth  (a)  and  fb)  arc  shown 
at  the  save  applied  K  and  the  save  6. 

(a)  Homogeneous  slip  distribution  gives  a  svooth  blunting 
notch,  large  radius  of  curvature  and  avail  plastic  zone 
size. 

(b)  Wore  heterogeneous  slip  distribution  gives  an  uneven 
notch  root,  smaller  radius  of  curvature  and  larger 


planlc  zone  alze 
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Slip  k«il  •poring,  p  (ta*i  fro*  Dnllai,  117))  mum 
ll*tMc«  iKttl  of  tho  crock  tip,  »kovw  at  crack  iitMtlM 
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khtutic  of  crock  tip,  eoal-coHootvo  totie  end  plootlc  cone. 

Slultl  orooo  rapraaent  onfrectarod  llgananta.  (after 
Carfcarlch  and  Haodp,  1979). 
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3.1  Conclusions 

This  lnv««t 1 gat  tea  haa  established  a  direct  link  between  the 
ale roe tract era I  factor*  controlling  the  crack  tig  deformation 
processes  and  the  macroscopic  fracture  toughness  parameters*  l]r 
proant  leg  aare  homogeneous  slip,  diaper soldo  altai  the  geoawtry  of  the 
blunting  crack  tip  to  give  a  larger  radius  of  curvature.  This  blunted 
creek  tip  has  a  eaaller  effective  stress  Intensity  factor  and, 
therefore,  a  eaaller  associated  plastic  tone  stae.  The  work  te  fora  a 
unit  area  of  new  crack  surface  dW^dA,  as  calculated  frea  the  plastic 
aeae  else,  he*  bean  shown  te  correspond  quite  closely  te  the 
enperlaentally  determined  ductile  fracture  toughness  J!c 

te  addition,  ether  specific  emmeluelene  which  can  be  drawn  froa 
this  work  are  e*  fellows x 

1  the  addition  of  eanganoee 'beer leg  dteperaold  particle*  to  a  peek 
aged  Al-Hg-gl  alley  algnlf least ly  taprevee  the  ductile  fracture 
toughness  as  aeesurad  by  the  J-in  agral  at  Incipient  creek 
estemelen.  The  tapreveaent  brought  about  by  dtspersotd*  1*  duo  te 
suppression  *f  the  grain  boundary  ductile  rupture  use nanism  by 
dlepereeld  effect  on  grille  els*  and  shape  and  the  ksasgeelsat Ion 
*f  slip  distribution* 

1  The  beneftctol  affect  »f  dlsperseld*  Is  optlelsed  by  using  the 


■nninun  Mount  of  nengeneae  that  can  bo  hold  Is  eoltd  oolutloa 
with  tho  Iron  content  kept  to  tho  •Inlaua  okttlukU.  Tho 
couaercial  purity  alloy  containing  an  appreciable  aoount  of  Iron 
haa  a  looor  ductile  fractura  toughnoaa  than  tho  opt l nun  Wit 
hfghor  than  alloya  containing  loan  than  tho  Mitaua  aonnt  of 
diaporaoid. 

3  Tho  diaporaotdo  alao  roault  in  on  lnprowenent  In  alloy  raaiatanca 
to  unatabla  crack  extenelon  aa  e aaaurad  by  tho  alopo  of  tho  J 
raaiatanca  corvee. 

*  For  tho  aoM  induced  triaxial  atraaa  atata  in  notched  tonatlo 
a per  Inane,  ductility  lncreeeoe  with  diaporaoid  content  For  tho 
no at  highly  triaxial  atraaa  state  notch  gaonatry,  tho  beneficial 
affect  of  dlepereotde  ia  a one what  negated  by  tho  deletarlooe 
affect  of  coarea  conatituont  particle*  in  tho  coeaerclal  purity 
alloy. 

3  The  alloy  work  Hardening  exponent  above  a  anal  1  but  detectable 
lncraaee  with  diaporaoid  voluaM  fraction. 

4  For  tho  alallar  yield  atrangthe  in  thoao  alloya,  tho  crack  tip 
plant  le  aono  alio  in  prvpArtlonal  to  I*  and  tho  cone  tent  of 
proportionality  decreeoee  with  tncraaalng  diaporaoid  wo  Iona 
fraction.  Thia  affect  can  ba  rational land  la  tarno  of  diaporaoid 
inf luonco  on  tho  effect iwo  radloa  of  eurwatura  of  tho  blunting 
crack  tip. 

1  Far  tho  iron  frat  alloya,  tho  predominant  alcrooochanlan  'f 
crack  natonaion  ia  grata  boundary  doctllo  rupture.  Thia 
alcroneeheoleo  oporatea  by  void  lai tint  ton  at  grain  boundary 
partletoa  followed  by  void  growth  end  eeeleeceoce  along  tho  grain 
boundary  precipitate  free  reu>t. 


Ill 


•  TV*  condition*  for  activation  of  the  train  boundary  ductile 
rupture  MtHtolaa  art  controlled  not  fcr  the  plaatlc  tone  alaa  but 
by  th«  atraio  ami  atraa*  flatrlbitlM*  within  the  ^little  tooe. 

9  flw  ceattft  of  a  ttal*r9httl««  ton*  ahead  of  tho 

crack  tip  provtdea  a  taailatle  nodal  to  daacrlbo  tha 
alcronechanltue  of  crack  aatenaion  in  thaaa  alloy*. 

J.l  If  llcatlone  for  llloy  Dtalgn 

Thia  etudy  haa  aheon  that  tha  current  eo— arc  la  1  practice  of 
nertntatnp  tha  Mn -bearing  dleperaotd  content  of  peek-aged  A 1 -tit -51 
alloya  raaulta  in  aubotantial  ifrovenenta  in  ductile  fracture 
toughnaaa  and  realatanca  to  unatabia  crack  eiteaelon.  Although  further 
if  remnant  in  thoae  peranatera  could  bo  obtained  bp  aanufactur  inf 
conoarcial  producta  f ran  tha  taaa  alloy  but  using  a  high  purity 
alwninlua  be a a  (MM  aa  op pea ad  to  MC  in  the  preaant  study),  tho  roaulta 
of  tho  current  Invent igetlen  indicate  that  tho  additional  bonaflt 
•a lead  would  bo  for  outweighed  by  who  lncroeeed  coot  of  alwnlnlun  boot 
purl  fleet  ion. 

J.)  gopgoat loua  for  further  Work 

Tho  preaent  atudy  hue  shown  that  the  ductile  fracture  toughness 
of  pooh  apod  A1  -Mg -ft  alloya  la  iocraaaod  by  tho  introduction  of 
dlapereeida  to  tho  adcreetructure.  Thia  effect  boa  beea  explained  la 
tana  of  n  Of  re  ea  lee  of  the  train  boundary  ductile  rapture  nochaniou 
of  crock  extoaelen  via  tho  dloforaetd  Influence  on  clip 
haawgeataotlea.  Although  tho  yield  otrofth  and  train  at  tea  af  tha 
dtoparaold  coatetelag  allayo  are  stellar,  lacraaalf  tha  dlaparaaid 


content  do«i  bring  about  a  slight  reduction  In  grain  ala#  and 
tocraaaaa  the  curvature  of  the  grain  boundarlee.  Since  these  effecta 
ullf  alao  Influence  the  grain  boundary  ntcroaechaniaa,  It  would  be 
dealrable  to  alter  the  slip  distribution  Independently  of  gralo  elte 
effecta.  Thle  could  be  done  by  varying  the  ageing  treatment  for  one  of 
the  dlepereotd  containing  allnya.  Considering  the  ageing  curvea  in 
flga.  2.1  to  2.),  it  la  possible  to  underage  and  overage  the  alloy  to 
the  sane  yield  etrength  for  a  filed  grain  site  and  shape.  Thus,  one 
could  alter  the  ellp  diatrlbutien  in  the  aatrla  Independently  of  the 
diapersold.  Uaing  the  eiperinental  techniques  described  in  the  study, 
the  ductile  fracture  toughness  and  plastic  tone  site  variations  and 
the  resulting  aicroaechenlaae  of  ctack  eatenaion  could  be  related  to 
ellp  distribution  in  a  single  alloy. 
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